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The ob jec t ive  of t h i s  program has been t o  develop an i n t e r n a l  
i n su la t ion  system app l i cab le  t o  hydrogen tanks f o r  reusable  space 
vehic les .  The i n s u l a t i o n  concept t h a t  was inves t iga t ed  is based 
on using su r face  tension o r  c a p i l l a r y  fo rces  t o  pos i t i on  a layer 
of hydrogen vapor i n  a c e l l u l a r  s t r u c t u r e  between the  I jqu id  hydro- 
gen and the  tank w a l l .  
For a resuable  vehic le ,  t he  i n s u l a t i o n  must be capable of surv iv ing  
repeated temperature excursions near the maximum operating temper- 
a t u r e  of the tank w a l l .  
aluminum and high-performance n i cke l  or t i t an ium a l l o y s  were eval- 
uated a t  350°F and 650°F. 
Insu la t ion  systems used with tanks of 
A materials screening program w a s  conducted t o  i d e n t i f y  promising 
candidates f o r  f a b r i c a t i n g  the  i n s u l a t i o n .  These candidates were 
then t e s t e d  and evaluated. Selected material systems were used t o  
f a b r i c a t e  test specimens and these  specimens were t e s t e d  t o  meas- 
ure  t h e i r  performance and a b i l i t y  to surv ive  t h e  simulated.vehic1e 
envfronment. System designs,  f a b r i c a t i o n  methods, and too l ing  
concepts were developed. 
The systems t h a t  were f i n a l l y  se l ec t ed  used s i l i c o n e  adhesives,  
Kapton fi lm, and f i b e r g l a s s  b a t t i n g  and--for the  case of t h e  350'F 
system--Tef lon  film. In  tests with small specimens, t h e  i n s u l a t i n g  
c a p a b i l i t y  of t h e  system w a s  measured t o  be approximately as ex- 
pected, and its a b i l i t y  t o  withstand the  requi red  environments was 
demonstrated . 
v i i i  
I. INTRODUCTION 
The pioneering phases of t h e  United S t a t e s '  space explora t ion  
program have been accomplished with remarkable success ,  But now, 
the  advanced and continuing phases of space research  and explora- 
t i o n  present new problems and challenges i n  designing spacecraf t  
and booster systems. 
c a u t i c s  and Space Administration inc lude  developing reusable  ve- 
h i c l e s  and systems t h a t  w i l l  provide increased c a p a b i l i t y  f o r  
manned space research  and exp lo ra t ion  a t  moderate cos t .  
Current o b j e c t i v e s  of t h e  National Aero- 
A major requiremeut of reusable  veh ic l e s  is that they be a b l e  t o  
withstand high temperatures during atmospheric r een t ry  wi th  only 
a minimum of damage that would n e c e s s i t a t e  ex tens ive  r e p a i r ,  re- 
placement, or refurbishment. 
p rope l lan t  tanks f o r  l i q u i d  hydrogen, these  tanks w i l l  occupy a 
l a r g e  por t ion  of t h e  t o t a l  volume of t h e  vehic le .  
p-oviding ex te rna l  thermal i n s u l a t i o n  t o  p r o t e c t  t h e s e  tanks from 
t h e  r een t ry  hea t ing  environment w i l l  be a major problem because 
of t h e  l a r g e  su r face  areas involved. 
For veh ic l e s  w i th  i n t e g r a l  boost 
Therefore,  
The qcI::ective of t h e  program described i n  t h i s  r epor t  was t o  de- 
velop an i n t e r n a l  i n s u l a t i o n  system based on a unique gas l aye r  
concept, which minimizes t h e  need f o r  external thermal p ro tec t ion  
of i n t e g r a l  l i q u i d  hydrogen boost tanks €or reusable  space vehi- 
c l e s .  The minimization of thermal p ro tec t ion  is  accomplished by 
designing the  i n s u l a t i o n  with a materials system t h a t  w i l l  permit 
the tank walls t o  opera te  a t  t h e  maximum temperature a t  which t h e  
metal used i n  cons t ruc t ing  the  tank , e t a i n s  use fu l  s t r u c t u r a l  
p roper t ies .  For aluminum a l l o y  tank materials, t h e  des i red  oper- 
a t i n g  temperature f o r  t h e  i n s u l a t i o n  was 350'F. For candidate 
materials with a higher temperature c a p a b i l i t y ,  such as t i tan ium 
o r  high-performance n i cke i  a l l o y s ,  t h e  design ob jec t ive  w a s  an 
i n s u l a t i o n  t h a t  would withstand repeated opera t ing  cyc le s  t o  650°F. 
The i n s u l a t i o n  systems developed f o r  t h i s  a p p l i c a t i o n  are based 
on the  i n t e r n a l  c a p i l l a r y  i n s u l a t i o n  concept i l l u s t r a t e d  i n  Fig. 
1-1. In  t h i s  concept, the i n s u l a t i o n  a c t s  t o  p o s i t i o n  a l a y e r  
of gas between the  l i q u i d  cryogen and t h e  tank wall .  
The in su la t ion  c o n s i s t s  of a c e l l u l a r  co re  material covered with 
a f ace  shee t  and bonded t o  the  i n s i d e  su r face  of t h e  tank, The 
cells each conta in  a f i l l e r  material t o  limit hea t  t r a n s f e r  by 
convection and r ad ia t ion .  The f a c e  shee t  is perfora ted  wi th  one 
c a p i l l a r y  opening per cel l ,  which permits t h e  movement of gas  o r  
l i q u i d  t o  equalfse pressure  d i f f e r e n t i a l s .  
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A small amount of l i q u i d  i n i t i a l l y  e n t e r s  t he  c e l l ,  vaporizes,  
and increases  the  pressure  i n  the  c e l l  u n t i l  i t  equals  t h e  pres- 
sure of t h e  l i q u i d .  
l i qu id /gas  i n t e r f a c e  a t  t h e  opening, preventing a d d i t i o n a l  l i q u i d  
from enter ing  the  c e l l .  Since t h e  pressure  is equalized 3t t h i s  
i n t e r f a c e ,  t h e  i n s u l a t i o n  does not support t he  weight or t he  i i q -  
uid o r  gas pressure loads. 
Capi l la ry  f o r c e s  then a c t  t o  form a s t e b l e  
Because there is no s i g n i f i c a n t  pressure  d i f  f eronce b s t v  ?el: :ne 
i n t e r i o r  of the i n s u l a t i o n  c e l l  and the  ad jacen t  11.quG 
s t r u c t u r a l  requirements are low and high s t r e n g t h  is not  a pt&r;j 
cons idera t ion  i n  s e l e c t i n g  candidate materials. It has, t he re fo re ,  
been poss ib le  to  design i n s u l a t i o n  systems based on t h i s  concepr. 
using materials with high temperature c a p a b i l i t i e s .  
na l  c a p i l l a r y  i n s u l a t i o n  concept and des ign  cons idera t ions  are 
discussed i n  Chapter 111. 
or gas), 
The i n t e r -  
This i n s u l a t i o n  system is capable of withstanding severe  thermal 
shock, and tne parts of t h e  insu*aticiz exposed t o  t h e  l i q u i d  have 
a very low thermal mass. Consequently, t h i s  i n s u l a t i o n  makes i t  
poss ib le  t o  f i l l  t anks  wi th  l i q u i d  hydrogen without a p r i o r  cool- 
down. Furthermore, bo i lo f f  l o s ses  during f i l l i n g  are almost neg- 
l i g i b l e  when compared t o  l o s s e s  incurred i n  f i l l i n g  e x t e r n a l l y  
insu la ted  tanks. 
The i n s u l a t i o n  is access ib l e  f o r  inspec t ion  and r epa i r  from rhe 
i n s i d e  and is not sub jec t  t o  damage from e x t e r n a l  handling and 
exposure. When cold,  t h e  i n s u l a t i o n  is  not  exposed t o  a i r ,  and 
cannot be degraded by condensation of moisture. 
This  program cons is ted  of three major p a r t s .  
materials were inves t iga ted ,  t e s t e d ,  and s e l e c t e d  f o r  use  i n  insu- 
l a t i o n  systems t o  meet t h e  350'F and t h e  650'P opera t ing  require- 
ments. Second, designs and methods were Geveloped f o r  f a b r i c a t i n g  
and I n s t a l l i n g  t h e  in su la t ion .  F ina l ly ,  i n s u l a t i o n  sys t em spec i -  
mens were t e s t ed  t o  eva lua te  t h e i r  thermal performance character-  
i s t i c s  and t o  e s t a b l i s h  t h e i r  c a p a b i l i t y  t o  withstand thermal 
shock and t h e  required pressure  and temperature cycling. The 
work performed t o  accomplish t h e  above t a sks  is deecribed i n  Chap- 
ters 11, 3-11, and IV, 
I n  the  f i r s t  p a r t ,  
Two insu la t ion  system8 were developed and success fu l ly  t e s t e d  a t  
t h e  350'F and 650'F opera t ing  condi t ions .  
s u l a t i o n  was charac te r iaed  by measuring its therm31 conduct iv i ty  
using l i q u i d  hydrogen as t h e  test cryogen, 
i t y  was found t o  be near tbe  predicted value,  and completely ade- 
quate f o r  t h e  l i q u L l  Iiydrogen boost tank app l i ca t ion .  
Performance of t h e  in- 
The thermal conductiv- 
Additional work toward developing the  c a p i l l a r y  i n t e r n a l  insula-  
t i o n  concept €or  other  a p p l i c a t i o n s  has been conducted on the  
following program's, 
1) Contract NAS8-21330, Development of Advanced Materials for 
Integrated Tank InsuZation S p t e m  for the Long-Term Storagc 
of Cryogens in Space; 
2 )  Contract NAS3-12425, Insulation Systems for  Liquid Methane 
Fuel Tanks for Supersonio Cruise Aircraf t ;  
3)  Martin Marietta Corporation i n t e r n a l  venture  program t o  de- 
velop a n  i n s u l a t i o n  system f o r  s t o r i n g  and t ranspor t ing  l ique-  
f i e d  na tu ra l  gas. 
A t  t h e  present time, t h e  design and f a b r i c a t i o n  techniques devel- 
oped under t h i s  program are being used an3 extended under Contract 
NAS3-14384, Internal Insulation System Dsve 2opmer.t. In t h i s  pro- 
gram, a 6-ft-diameter by approximately 7-ft-long aluminum tank is 
being in su la t ed  with t h e  350'F i n s u l a t i o n  s y s t e a  described i n  t h i s  
report .  A number of photographs showing tool ing  and i n s u l a t i o n  
panels t h a t  have been fabricared during the 6-ft  tank program 
have been included i n  t h i s  r e p o r t ,  and are i d e n t i f i e d  by t h e  above 
cont rac t  number. These examples i l l u s t r a t e  t h e  a p p l i c a t i o n  of 
t h e  drs ign  and f a b r i c a t i o n  concepts developed under t h i s  program 
(see Chapter 111) t o  t h e  i n s u l a t i o n  of a n  a c t u a l  tank. 
EVALliATION AND SELECTION OF !UTERIAIS - 11. 
X major cb jec t ive  u, t h i s  pzoqtaun w a s  to select naterials s y s t e a s  
for u s e  is two potent ia?  a p r l i c a t i o n s  of t he  c a p i l l a r y  in t e rna l  
insul.it i o n  s y s t e m .  These app l i ca t ions  centered around the  concept 
of miniaizing extzrilal  c'nermal pro tec t ion  €or reusable  l i qu id  hydro- 
gen tanks for the Space Shut t le .  
In the  f i r r t  case, aluminum a l l o y  tanks vould bc used. The insula- 
t i o n  would be &signed to p e r m i t  t h e  tank x a l l r  EO reach a t a p e r a -  
t u r +  up to  350'F. h i c h  would be t h e  maximum use fu l  t e rpe ra tu re  
€or the  a:uminm. Ideal ly .  the  in su la t ion  system w u l c  b e  ab le  t o  
withstand r e p e a t e d  exposure t o  t h i s  temperature withour being re- 
placed a r  refurbished. 
For the  seccnd case, the  tank walls w u l d  be made or a t i tanium 
alloy or Inconel 718- I n  t h i s  case, tne  goa l  was to develop an 
in su la t ion  s y s t e m  t h a t  would be capable of opera t ion  a t  650'F. 
During t h i s  p r o g r a ,  w e  evaluated seve ra l  candidate materials for  
var ious coleponents of the  in su la t ion  a d  se l ec t ed  materials systec;  
that meet these temperature requirements. 
Our proposed c a p i l l a r y  i n t e r n a l  i n su la t ion  system is constructed 
of the  following components: 
1) Core ribbon; 
3) Core node bond adhesive; 
4) Core-to-facesheet adhesive; 
5 )  Core-to-tank wall adhesive; 
6) Convection-inhibiting f i l l e r  meterial. 
The following sections descr ibe  our program f o r  screening, evaluat-  
ing, and se l ec t ing  the materials f o r  t h e  in su la t ion  system. 
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2. Hydrogen Compatibility 
Hydrogen thermal cycle tests were performed by placing the candi- 
date materials in a stainless steel retort, pressurizing them with 
hydrogen gas to approximarely 5 to  10 psig at room temperature, 
and alternately heating tire naterials to 350'F or 650'F (depending 
on the application for which the material was being considered) in 
a controlled salt bath and cooling them in ambient air. 
The specimens were removed from the fixture at the end of 200 cycles 
(or as otherwise noted), and evaluated by visual inspection, IR 
spectrography, and measurements of their weight change, dimensional 
change, and tensile and/or shear properties at room temperature. 
Figure 11-3 shows the hydrogen thermal cycle test fixture. Figures 
11-4 and 11-5 are typical temperature cycles for the 35C'F and 650'F 
insulation materials, respectively. 
3. Infrard Spectroscopy 
A n  infrared double-beam spectrographic analysis was performed on 
transparent core'and facesheet materials in the 2 to 15-micron 
range, using the transmission method. Tests were conducted both 
before and after hydrogen thermal cycle tests. 
the two spectra was used to measure any chemical reaction during 
the hydrogen soak test. 
A comparison of 
4. Tensile Properties 
Tensile strength, modulus, and elongation were measured according 
to Federal Test Standard 406, using Method 1011 for the core mate- 
rial and Method 1013 for the facesheet materials. Tensile proper- 
ties for the selected candidate materials were measured at room 
temperature, -423'F, and 350'F or 650°F, depending on the applica- 
tion. 
Figure 11-6 shows the equipent used for tensile and shear tests 
at the higher temperatures. 
shear test equipment for -423OF. 
test specimens before and after the test. 
Figure 11-7 shows the tensile and 
Figure 11-8 shows typical tensile 
5. Shear Properties 
Adhesive lap shear tests were conducted according to Federal Test 
Standard 175. 
overlap. 
bonded between the aluminum tabs. 
of Kapton was bonded between the adhesive and titanium or Inconel 
tabs, as shown in Pig. 11-9. Specimeno were tested (1) at room 
temperature, (2) at -423'F, (3) at room temperature after the 
200-hr hydrogen compatibility cycle test, and (4) at either 350'F 
or 650°F, depending on the application. 
cal lap shear test specimen before an2 after the test. 
Lap shear specimens were fabricated with a kin. 
For the 350'F system, a piece of Mylar or Kapton was 
For the 650'F system, a pLece 
Figure 11-10 shows a typi- 
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... t.hLUATION OF FACESHEET AND CORE MATERIAL 
The i n i t i a l  l i t e r a t u r e  survey and our previous experience on re- 
l a t ed  in su la t ion  programs indica ted  that the  following f i l m  and 
core materials should be evaluated. 
In su la t ion  
S y r t e m  
Material Application Manufacturer 
Teflon FEP F i l m  350°F DuPont 
Mylar F i l m  350'F DuPont 
Kapton F i l m  3501650°F DuPont 
Nomex Paper 350°F DuPcit 
Nylon 6 F i l m  350°F A l l i e d  Cn-mica1 
The p rope r t i e s  determined f o r  t h e  above materials are summarized 
i n  Table 11-1. 
Screening R e s u l t s  
From t h e  r e s u l t s  of t he  DSC tests, t h e  low-temperature materials 
a l l  appeared t o  be acceptab le  up t o  350°F. The high-temperature 
material, Kapton, w a s  acceptable up t o  650'F. 
The Kapton, Teflon, Nomex, and nylon materials successfu l ly  com- 
p le t ed  the  200-hr hydrogen compat ib i l i ty  cyc le  test at 350°F. 
mylar ,  however, was b r i t t l e  and broke i n t o  small pieces during 
handling. 
350°F oven; t h i s  Mylar a l s o  became b r i t t l e .  Vendor l i t e r s t u r e  
indicated t h a t  Mylar is suscep t ib l e  t o  heat-aging . 
The 650'F in su la t ion  material, Kapton, changed co lor  and became 
more b r i t t l e  as a r e s u l t  of t he  200-hr hydrogen compat ib i l i ty  cyc le  
test  a t  650°F. A review of -rendor l i t e r a t u r e  also indica ted  that 
Kapton is suscept ib le  t o  heat-aging. Data po in t s  from the  vendor 
l i terature ind ica t e  that the  time requized t o  reduce the  u l t i m a t e  
elongation from 70% t o  1% is 1 y r  a t  660°F i n  helium, and 8 y r  a t  
482°F i n  a i r .  
helium is l i s t e d  beyond t h e  values quoted, although the  da t a  shows 
t h a t  t he  l i f e  expectancy increases  s i g n i f i c a n t l y  as t he  temperature 
decreases. 
The 
Additional t e s t i n g  of Mylar was conducted i n  a i r  i n  a 
No l i f e  expectancy f o r  Kapton a t  350°F i n  a i r  o r  
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Table  11-1 PropePi5es of F C h  and Core Materia2 
To 600 
None - Decom- 
poses to a gas 
tiorma1 Teaperatxe 
Range. 'F 
Educed Properties 
Temperature Range 
Melting Point, 'F  3YO to A25 
Ultimate Tensile Strength. 
P P i  
Ultimate Elongation. X 
Tensile hdulus  at 70'F 
Specif i f  Gravity 
10,000 
15 
0.8-1. 
'EST M A  --
Tanpet-cure a t  Which DSC 
Indicated Platerial Property 
Chauge, OF 
t'ltimate Tensile Strength 
at 70'F. psi 
Ultimate Llongation at  
70.F. 2 
Tensile Ebdulus at 7OOF. psi 
Ulcimacc Tensile Strength 
at 350-F. psi 
Ultimate Elongation at 
350°F. I 
Tensile Modulus a t  350'F. psi 
Ultimate Tenslle Strength 
at 650OF. psi 
Ultimete Elongation at 650'F, 1 
Tensile Modulus at 65OoF, psi  
Ultimate Tensile Strength 
nt -423.F. psi  
Ultimate Elongation at -423'F.l 
T e n s i l e  HDdulus at -423'F. p s i  
Ultimate Tensile Strength 
after 82 T h e m 1  Cycle. psi  
U l t i v t e  Elongation a f t e r  
112 Themel Cycle, X 
T e n s i l e  Hodulue after 82  
Themel Cycle, psi 
Coef f icienc of Therms1 W 
paasion to  -323.P 
$2.000 
400 
1.13 
ref lon FEP 
-000 to 392 
-135 to 500 
5 0 0  to 535 
3.000 
300 
:0.030 
2.15 
478 
3.12: 
320 
44,007 
460 
126 
1.822 
t i l A  
KIA 
N/A 
16.600 
2.5 t o  2.9 
53: ,000 
2,200 
276 
13.000 
M ~ o - '  in . /  
in.-'F 
745 
7.083 
.xylar 
(Type A >  
-94 to  902 
-023 to 392 
482 
25.000 
125 
55O.OOO 
1.m 
378 
6.800 
441 
18.800 
40 
210.uoo 
4.160 
42 
18.800 
N/A 
N I A  
NIA 
23,000 
1 
960,000 
2.7 
219 .ooO 
lapton 
(Type li) 
-322 t o  392 
-A52 to 752 
b n e  - Decom- 
poses to a gas 
2 5 . W  
70 
430.000 
1.62 
290 
101.000 
9;o Change to 
932 
26.800 
18 
201.000 
9,360 
42.6 
74,000 
45 '10 
2.3 t o  7.0 
660,000 
6 
140,Ooo 
NIA 
Shattered Into 4.160 
Small Pieces 
4.1 
I 
103,000 
70 
6.300 
N/A 
0 tc $37  -100 t v  LOO 
NIA 
NlA 
17 ,400 
0.26 t o  0.28 
8.760 
ti1A 
N/A 
26 .OOO 
0.15 :o 1.15 
700.000 
12.300 
8'000 I 2'700 
4.2 20 
260.000 140.000 
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The u l t i m a t e  t e n s i l e  s t r eng th ,  u l t imate  elongation, and t e n s i l e  
modulus of  t hz  f i lms  and co re  materials were obtained a t  70"F, 
a t  350°F f o r  a l l  mater ia l s ,  a l s o  a t  650'F f o r  Kapton, a t  70°F a f t e r  
t h e  200-hr hydrogen compatibi l i ty  test, and a t  -423°F. Table 11-1 
shows t h e  lowest value of each property obtained from t h r e e  speci-  
mens. 
A visual observat ion of t h e  f a i l e d  specimens, made a f t e r  obtaining 
the  t e n s i l e  proper t ies  a t  -423"F, showed that-- 
Kapton had t h e  most permanent elongation. Both halves of t he  
specimen were i n t a c t  when removed from the  c ryos t2 t  test  f i x t u r e .  
Teflon exhibi ted some elongat ion.  although less than Kapton. 
The Teflon specimen was a l s o  removed from t h e  test f i x t u r e  with 
both halves of t he  specimen i n t a c t .  
Nomex exhibi ted n e g l i g i b l e  permanent elongation. 
was a l s o  removed from t h e  c r y o s t a t  test fCxture with both halves 
i n t a c t .  
This specimen 
Mylar exhibi ted some elongation. However, only one of t h e  speci-  
mens was removed p a r t i a l l y  i n t a c t .  On t h e  o the r  two specimens, 
only t h e  aluminum end t abs  were recovered because t h e  Mylar had 
sha t t e red .  
Nylon exhibi ted some u l t imate  elongation. However, none of t h e  
th ree  test  specimens were recovered. 
tabs remained. 
Only t h e  aluminum end 
i n f r a r e d  a n a l y s i s  of t he  Kapton f i l m  was performed t o  compare 
the  material received from t h e  vendor with t h e  materia? that under- 
went t h e  200-hr hydrogen soak test .  Visual ly ,  t h e  co lo r  of t h e  
films ranged from yellow t o  dark brown. 
cated t h a t  t he  Kapton f i l m  c o n t a i n d  aromatic anhydrides and aromatic 
amines. 
i n t e n s i t y  of t h e  N-H absorpt ion band, which increased g r e a t l y  from 
t h e  as-received yellow f i l m  t o  t h e  dark brown f i l m  t h a t  had been 
thermally cycled. 
The i n f r a r e d  a n a l y s i s  indi-  
The main d i f f e rem;  i n  ;he s p e c t r a  of t h e  f i lms  was i n  t h e  
A similar i n f r a r e d  a n a l y s i s  was performed on the Nylon and Teflon 
film. No de tec tab le  d i f fdrence  could be ascer ta ined  i n  t h e  material 
that had undergone t h e  LOO-hr hydrogen cyc le  test. 
not t ransparent ,  t h e  I R  a n a l y s i s  was not  accomplished. 
Since Nomex is 
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2. 
The most s i g n i f k s n t  loads on the  co re  and facesheet material a r e  
expected t o  be thermally induced. Therefore, t h e  c o e f f i c i e n t  of 
thermal expansion (contraction) was measured f o r  these marerials 
from 70°F t o  -323'F. 
Figure 11-11 shows t h e  test equipment used t o  obta in  t h e  c o e f f i c i e n t  
of thermal expansion (COTE). Figure 11-12 is a closeup photo of a 
specimen i n s i d e  t h e  transpare.At dewar. Note that; t h e  d i f f e r e n t i a l  
between ambient and the  LN2 condi t ion appears on a photogrid pa t t e rn .  
The COTE was calculated d i r e c t l y  from these photographs. 
ues  f o r  each material are shown i n  Table 11-1. 
COTE val-  
Film Material Selectioir 
Based on the  r e s u l t s  of our screening tests, w e  ranked t h e  candidate 
core  and facesheet materials as follows: 
1) Mylar - Unacceptable due t o  a heat-aging problem a t  350°F; 
2) Nylon - Unacceptable a t  -423'F; 
3) N o m a  - This f i l m  would probably be  acceptable  as a core  mate- 
r ia l  f o r  t h e  350'F i n su la t ion .  It  did not have as d e s i r a b l e  
a n  u l t imate  e longat ion a t  -423'F as Kapton. 
l i t e r a t u r e ,  t h e  Kapton has  a higher modulus of e las t ic i ty  than 
Nomex although our tests d i d  not  seem t o  confirm t h i s .  
According t o  vendor 
4) Teflon - This f i l m  had a l l  t h e  d e s i r a b l e  proper t ies  for a face- 
shee t  material. Its low y i e l d  s t r e n g t h  a t  elevated temperatures 
is very d e s i r a b l e  f o r  facesheet dimpling (see t h e  discussion 
i n  Chapter 111). The one area where i t  is less d e s i r a b l e  than 
Kapton is its s p e c i f i c  gravity:  
approximately 7% of t h e  total  weight of t h e  i n s u l a t i o n  system. 
Because of its higher dens i ty  and low modulus of e l a s t i c i t y ,  
Teflon is unacceptable a s  a c o r e  material. 
with etched su r faces ,  which permits it t o  be bonded with a va- 
r i e t y  of adhesives. 
t h e  Teflon facesheet  represents  
Teflon is a v a i l a b l e  
5 )  Kapton - This polyimide f i l m  was the  most d e s i r a b l e  of e11 t he  
films t e s t ed  f o r  use as a core material. However, because of 
i ts  high y i e l d  s t r e n g t h  a t  e levated temperatures, i t  is more 
d i f f i c u l t  to dimple, and l r s o  d e s i r a b l e  as a facesheez material. 
In  add i t ion ,  Kapton is somewhat s e n s i t i v e  t o  notches and has 
l i t t l e  r e s i s t a n c e  to  the propagation of tears. 
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C. 
For the  350°F i n s u l a t i o n  system, w e  s e l ec t ed  Kapton f i lm  as t he  
core material and Teflon f i l m  as t h e  faceshee t  material. 
Kapton f i lm  was se l ec t ed  f o r  both t h e  faceshee t  and c c r e  f o r  t h e  
650'F i n su la t ion  system. Kapton e x h i b i t s  a l l  the d e s i r a b l e  proper- 
ties f o r  a core material, except high tear resistarre. 
ADHESIVES EVALUATION 
Based on l i t e r a t u r e  surveys and our experience on . 
we se lec ted  a t o t a l  of 21  adhesives f o r  eva lua t ion  3 350°F 
and 650'F i n s u l a t i o n  systems. 
11-2. 
?C programs, 
Thwe  adhesives are l i s t e d  i n  Table 
The purpose of these  adhesives eva lua t ion  tests was t o  screen out  
materials with undes i rab le  p rope r t i e s  f a r  t h e  i n s u l a t i o n  system. 
Several d i f f e r e n t  adhesive systems passed these  i n i t i a l  screening 
tests but  were found unacceptable f o r  actual use  during subsequent 
evaluations.  
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ri'uble 11-2  Candidats Adhesives EvaZuJted 
Name 
-~ 
rhermadite 1 7  
FM- 3 4 
BR-34 
7344/7119 
317017133 
109-LM-52 
109-LZ 
21lAlLZ 
3M- 3 5 58 
HT-424 
H-21 
H-61 
H- 74 
H-75 
WD-5332 
Epibond 8510 
RT-560 
RT-156 
RT-583 
RT-589 
RT-96- 02 2 
Insu la t ion  System 
Tyqe 
Po l j rb ide  
Polyimide (fi lm) 
Poly imide 
2-Par t Epoxy 
2 -Part Modified 
EPOXY 
2-Part Epoxy 
2-Part Epoxy 
2-Part Epoxy 
2-Part Epoxy 
2-Part Epoxy 
Phenolic 
2-Par t Epoxy 
2-Part Epoxy 
2-Par t Epoxy 
2-Part Epoxy 
1-Part Epoxy 
2-Fart Epoxy 
2-Part Msthyl- 
Phenyl S i l i cone  
1-Part S i l i cone  
2-Part Dimethyl 
S i l i c o n e  
2-Par t D i m e  thy1 
S i l i cone  
2-Part Methyl- 
Phenyl S i l i c o n e  
Lpplicat ion  
Botn 
650'F 
650'F 
350'F 
350'F 
350'F 
350'F 
350'F 
350'F 
350'F 
350'F 
350'F 
350'F 
550'F 
350'F 
350'F 
Both 
Both 
350'F 
350'F 
330'F 
- -  
' knvf a c  t u re r  
Whtttaker Ccrp. 
American Cyanamid 
Amer i can  Cyanamid 
Crest Products 
Crest Products 
Lef f fngwell Chemical 
Lef f ingwel: Chemical 
Lef f ingwell  Chemical 
3M 
American Cycnamici 
Epoxy Tech. 
Epoxy Tech. 
Epoxy Tech. 
Epoxy Tech. 
h e r  i can  Cyanamid 
Furane P l a s t i c s ,  Inc 
General EiecCric 
General Electric 
Dow C-rning 
Dow Corning 
Dow Corniag 
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Although the  exact criteria f o r  s e l e c t i n g  adhesives for the  th ree  
app l i ca t ions  i n  t h e  i n t e r n a l  i n s u l a t i o n  sys tem were not  w e l l  known, 
tSe following c h a r a c t e r i s t i c s  are e i t h e r  obviously required or were 
t e i i eved  t o  be des i r ab le .  
1) CoPrpatibility with hydrogen gas  a t  t h e  upper temperature ccndi- 
cion for l o q  per iods ;  
2) Compatibil i ty i d t h  l i q u i d  hydrogen; 
3) High s t r eng th  a t  high and cryogenic temperatures; 
4) F l e x i b i l i t y  a t  high and low texnperatures; 
5 )  Low c o e f f i c i e n t  of thermal expansion; 
6 )  Low dens i ty ;  
7) Lou thermal conductivity.  
1. Screening Resul t s  
The r e s u l t s  of screening tests on t h e  adhesive materials are sura- 
oar ieed  in Table XI-3. The shear stress s b m  is t h e  lowest va lue  
obtained f o r  t h r e e  l a p  shear  specimens. The l a p  shear  specimens 
for t h e  350°F adhesives were emde wi th  2219 aluminum a l l o y ,  bu t  
those f o r  t h e  650'F adhesives were made wi th  6Al-4V AM t i t an ium 
and with Inconel 718. 
N o t  a l l  screening tests were performed f o r  each adhesive. 
adhesives were only b r i e f l y  considered; o t h e r s  were evaluated extea- 
s ive ly .  
ers' recanimendations, except where noted i n  t h e  d i scuss ion  of a 
particular adhesive. 
Some 
A l l  adhesives were used i n  accordance with t h e  mnufac tur -  
In add i t ion  t o  tests repcr ted  i n  Table 11-3, we devised a test t o  
subjec t  a number of t h e  candidate 350'F adhesives to d i r e c t  expo- 
s u r e  t o  l i q u i d  hydrogen. Several  s t r i p s  of adhesive, each & in.  
wide and k in .  th ick ,  were appl ied  t o  a n  aluminum dose (see Fig. 
11-13), and the  doate was pressurized to 45 ps ig  t e n  times, with 
l i q u i d  hydrogen i n  contact wi th  the  adhesives. Af t e r  t h i s ,  t h e  
dome was cycled from 350°F t o  -420'F three a d d i t i o n a l  times. 
test subjected t h e  adhesives t o  t h e  maximum expected loads  due t o  
d i f f e r e n t i a l  thermal con t r ac t ion  and to tbe maximum s t r a i n  iu the  
R e s u l t s  of the  
dome s t r i p  ceste art  s~Ammsrlsed in Table 11-4. The candidate ad- 
he6ives were judged i c  lve success fu l ly  withstood t h e  tes t  i f  no 
Jebonding or cracking occurred. 
This 
. wall (or dome) material due to Internal pressure. 
I I- 1s 
Tabte 11-3 flvrpnartl of Propertie6 of Adheeive ktsrdaZe 

350°F Adhesives Se lec t ion  
The Crest 317017133 adhesive proved unacceptable 2: 350" i n  DSC 
tests. Contact with the vendor revealed t h a t  one of the  cons t i tu -  
e n t s  would m e l t  a t  approximately 300°F. as our DSC tests had indi-  
cated.  The test  r e s u l t s  f o r  the  Crest 734417119 were not as favor- 
a b l e  as f o r  the  Lefkoweld 109lI.M-52. However, because of i t s  high 
v i scos i ty ,  the 1091LM-52 was d i f f i c u l t  t o  use f o r  bonding core  node 
poin ts  and f o r  bonding the  core  t o  the  facesheet .  Thermadite-17 was 
p r i m a r i l y  evaluated f o r  use with t h e  65r)OF system, but was a l s o  
considered f o r  bonding the  core  node poin ts  f o r  the  350°F system. 
This adhesive w a s  developed as a Kapton-to-Kapton adhesive,  and i t s  
disadvantage is t h a t  i t  requi res  heat  and pressure t o  cure.  
-I_- 
-. 
Based on these r e s u l t s ,  we i n i t i a l l y  se l ec t ed  the  following adhesives 
f o r  t he  350°F insu la t ion  system: 
1) Thermadite 1 7  f o r  bonding t h e  co re  node points ;  
2) Lefkoweld 1091LM-52 f o r  bonding t h e  facesheet  t o  the  core  and 
the  core t o  the  metal. 
These adhesives were incorporated i n t o  system tests, as descr ibed 
i n  Appendix A, but were eliminated as a result of these  tests. 
Lefkoweld 2il A/LZ w a s  evaluated f u r t h e r  and w a s  found t o  have 
favorable  proper t ies ,  but  i t  was very d i f f i c u l t  t o  use because of 
its very high v i scos i ty .  A t  t h i s  po in t ,  t he  s i l i c o n e  f a s i l y  of 
adhesives w a s  invest igated.  
Although RTV (room-temperature vulcanizing) s i l i c o n e s  are not  nor- 
mally considered good s t r u c t u r a l  adhesives,  they have the  following 
des i r ab le  proper t ies  for app l i ca t ion  to  the  i n t e r n a l  insu la t ion :  
Elastic behavior t o  -75°F o r  -175"F, depending on whether a 
dimethyl or methyl-phenyl type adhesive is used; 
F l e x i b i l i t y  a t  room temperature, which al lows n o r m 1  handling 
without damaging cells;  
Minimum stress crea ted  i n  cooldown from room temperature t o  
-175'F: 
Sa t i s f ac to ry  shear  s t r eng th  a t  cryogenic temperatures; 
Sa t i s f ac to ry  bonding s t r eng th  a t  350'F; 
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3. 
6) Room-temperature cur ing,  which s i m p l i f i e s  f a b r i c a t i o n  and re- 
p a i r ;  
7) Desirable f l o w  and wet t ing c h a r a c t e r i s t i c s ,  r e s u l t i n g  i n  a 
f i l l e t  t h a t  f i l l s  voids and produces leak-free bonds f o r  core/  
facesheet bonding and core/metal  bonding. 
These proper t ies  made ta; s i l i c o n e  adhesives candidates f o r  use 
i n  t h e  350°F materials system, and they V P Y ~  .?valuated f ;  
systems tests. Ultimately,  they were a l s o  evaluated f o r  t h e  650°F 
mater ia l s  system, although t h e  polyimide auilesives had i n i t i a l l - y  
appeared t o  b e  super ior  f o r  t h a t  appl ica t ion .  I n  t e s t i n g  t h e  
s i l i c o n e  adhesives,  w e  used s e v e r a l  of t h e  recommmded primers. 
These primers a l l  proved s a t i s f a c t o r y ,  and primer s e l e c t i o n  was 
based on f a b r i c a t i o n  considerat ions,  as discussed i n  Chapter 111. 
::a- i n  
Five d i f f e r e n t  s i l i c o n e  adhesives were i n i t i a l l y  evaiuated f o r  
use i n  t h e  350°F i n s u l a t i o n  system. 
hesives  were eliminated i n  the  dome s t r i p  tests. RTV-96-052 is 
primari ly  a p o t t i n g  compound, and w a s  considered less adaptable  
f o r  use as an adhesive than RTV-560 and RTV-156. RTV-560 and 
RTV-156 adhesives were s e l e c t e d  f o r  f u r t h e r  evaluat ion i n  t h e  
350°F i n s u l a t i o n  s y s t e m  tests, as described i n  Chapter I V  and 
Appendix A. 
The RTV-583 and RTV-589 ad- 
Core Node Adhesive S e l e c t i o n  (350°F and 650°F) 
Thermadite-17, a polyimide adhesive,  ?as i n i t i a l l y  se lec ted  as 
t h e  node adhesive f o r  f a b r i c a t i n g  t h e  Kapton core.  This material 
is compatible with both t h e  350°F and 650°F operat ing temperatures. 
A p e r s i s t e n t  problem was experienced with t h e  core  assembl.y, how- 
ever, due t o  t h e  r i g i d i t y  of t h e  polyimide adhesive. The r i g i d  
bond l i n e s  created poin ts  of stress concentrat ion i n  t h e  Kapton 
fi lm, and as a consequence, t h e  core f requent ly  became damaged 
from ordinary handling during subsequent f a b r i c a t i o n  s t e p s  . 
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To overcome t h i s  problem, w e  evaluated s i l i c o n e  adhesives f o r  
bonding t h e  core nodes. Both RTV-560, t h e  two-?art methyl-phenyl 
s i l i c o n e ,  and RTV-156, a one-part , self-priming adhesive were 
t r i e d .  
choice. 
a t u r e  c a p a b i l i t y ,  requi res  no primer, and has  t h e  proper con- 
s i s tency  t o  be s t e n c i l e d  on the  Kapton ribbons. I n  add i t ion ,  
t h e  RTV-l56/Kapton co re  bond i s  very f l e x i b l e  a t  room tempera- 
t u r e ,  which permits normal handling without t e a r i n g  t h e  core 
ribbons. On t h e  other  hand, because i t  is cured by exposure tc, 
moisture i n  the  a i r ,  i t  has a r e l a t i v e l y  s h o r t  working time. 
Nevertheless, an adequate working t i m e  can be  achieved by purg- 
i ng  t h e  s t e n c i l  box with ni t rogen.  
Of t hese ,  t h e  RTV-156 adhesive proved t o  be  an exce l len t  
This adhesive has a high p e e l  s t rength  and high-temper- 
The pee l  s t r e n g t h  of t h e  RTV-156 w a s  measured a t  room temperature 
i n  t h e  "T" configuration. 
t h e  thickness  of t h e  adhesive l aye r  be-ween t h e  ribbons. A t  be- 
l o w  0.005 in. ,  t h e  peel  s t rength  w a s  6 l b l i n .  o r  less. A t  an 
applied thickness  of 0.012 t o  0.015 in . ,  t h e  peel  s t r e n g t h  varied 
from 15 t o  23 l b l i n .  
ness w a s  increased f u r t h e r .  However, 0.015 in .  is near t h e  maxi- 
mum thickness  t h a t  can b e  used without excessive spreading of 
t h e  node bonds when they are compressed f o r  bonding. 
This  property w a s  found t o  depend on 
The s t rength  increased g r e a t l y  as t h e  thick- 
A t  -320'F t h e  peel  s t r e n g t h  of  t h e  RTV-156 w a s  equal  t o  or g r e a t e r  
than t h a t  a t  room temperature. 
Some d i f f i c u l t i e s  were i n i t i a l l y  experienced in obta in ing  con- 
s i s t en t  r e s u l t s  with t h e  RTV-156. 
t ions are discussed in Chapter 111. 
These problems and t h e i r  solu-  
RTV-560 would also be s u i t a b l e  as a co re  node adhesive, b u t  i t  
has a p e e l  s t rength  of only 1.5 to 3 l b l i n .  It a l s o  is more d i f -  
f i c u l t  t o  use because a primer i s  required f o r  bonding i t  to 
Kapton. As a r e s u l t ,  t h e  RTV-156 adhesive was se lec ted  f o r  bond- 
ing  t h e  core nodes i n  t h e  350°F system, and was used i n  t h e  in-  
s u l a t i o n  system tests described i n  Chapter I V .  
later determined t o  be  acceptable  f o r  t h e  650°F system as w e l l ,  
and was evaluated in system tests.) 
(RTV-156 was 
11-20 
4. 650°F Adhesives Se lec t ion  
Polyimide adhesives have exce l l en t  p rope r t i e s  a t  650°F. The orig- 
f i i d  adhesives se l ec t ed  f o r  t h e  650°F system were BR-34, f o r  bond- 
ing t h e  faceshee t  t o  t h e  co re  and t h e  core  t o  the  tank, and Therma- 
-lite-17 f o r  t h e  core  node bonds. 
The manufacturer of BR-34 recommends that a coa t ing  of t h i s  adhe- 
s i v e ,  1 t o  2 m i l s  t h i c k  and properly cured, be used as  a primer. 
Published d a t a  were reviewed and s e v e r a l  manufacturers and u s e r s  
were contacted t o  determine whether o the r  primers w e r e  a v a i l a b l e  
for  t h i s  a p p l i c a t i o n  No promising a l t e r n a t i v e s  were found. 
To eva lua te  t h e  e f f e c t i v e n e s s  of t h e  BR-34 priwing system f o r  use  
with BR-34 adhesive, we f ab r i ca t ed  24 l a p  shear specimens u s i n g  
0.050-in. Inconel 718 and BR-34, w i th  a t a b  of Kapton film i n  the 
shear  bond (see Fig. 11-9). Half of t h e  Inconel 718 t a b s  were 
primed wi th  a t h i n  coating of  BR-34 af ter  being cleaned. The 
primer was cured by a i r -d ry ing  f o r  30 minutes, oven-drying a t  
220°F f o r  30 minutes, and cur ing  f o r  45 minutes a t  41O0F. 
o t h e r  t abs  were not primed. 
The 
Half of t h e  primed specimens and ha l f  of t h e  unprimed specimens 
were then subjec ted  t o  75 thermal cyc le s  in a hydrogen environment. 
A temperature of 630'F or  higher was reached i n  a t  least 38 of 
these  cycles.  
r a t u s ,  t he  maximum temperature reached dur:ng t h e  o t h e r  cyc le s  
var ied  between 630°F and 470OF. 
230°F o r  below during each cyc le .  
Because of a hea te r  malfunctfon i n  the test appa- 
The temperature decreased t o  
These temperatures were measured near t h e  cen te r  of t h e  specimen 
conta iner ,  which wes cycled i n  and out of a heated sal t  bath. 
Specimens nearer  t h e  w a l l  of t h e  conta iner  experienced both higher 
and lower temperature extremes. 
All t h e  specimens were theu tansile-tested. The average u l t i m a t e  
shear  stress f o r  specimens that had not been thermally cycied was 
2498 p s i  f o r  t h e  primed specimens a d  2908 p s i  f o r  t h e  unprimed 
ones. For specimens t e s t ed  af:er thermal cyc l ing ,  t h e  average 
u l t ima te  shear stress f o r  t h e  primed specimens w a s  2403 p s i ,  com- 
pared with 2477 p s i  f o r  t h e  unprimed specimens. For t h e  wall 
bonding a p p l i c a t i o n  f o r  t h e  i n t e r n a l  i n s u l a t i o n  system, these  
s t r e n g t h s  are f a r  more than adequate. 
f i t  from priming t h e  su r faces  would be t o  p r o t e c t  t h e  cleaned 
metal sur face ,  t h i s  priming procedure would be recommended f o r  
systems using t h e  BR-34 adhesive. 
And s i n c e  the  primary bene- 
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Pee l  sp*-cimens were a l s o  f ab r i ca t ed  of R a p t m  bonded t o  Incent i 
718 w i t t i  BR-34. I n  specimens t h a t  were thermally cycled, as w e l i  
as i n  those tha t  were no t ,  t h e  Kapton f a i l e d  w i t h  a neg l ig ib ly  
small fo rce  due to  the stress concent ra t ions  tha t  occurred a t  the 
edge of the r i g i d  bond. 
The most important disadvantage of t h e  polyimide adhesives proved 
t o  be the  r i g i d i t y  of t h e  core  node bonds. I n  add i t ion ,  these  
adhesives are not 100% r e a c t i v e ,  but con ta in  so lven t s ,  some of 
which were re leased  as  t h e  adhesive cured. This  r e su l t ed  i n  por- 
o s i t y  and vo ids  i n  t h e  bonds, wirh consequent c e l l - t o - c e l l  leak- 
age. 
Although s i l i c o n e  adhesives were o r i g i n a l l y  considered only f o r  
t he  350°F system, w e  conducted seve ra l  tests t o  eva lua te  t h e i r  
s u i t a b i l i t y  f o r  u s e  a t  650°F. 
Lap shear  specimens and pee l  test specimens were fab r i ca t ed  from 
0.050-in. Inconel 718 t o  eva lua te  t h e  RTV-560 core-to-metal bond 
a t  65O0F. These specimens we-e fab r i ca t ed  by bonding a p i ece  of 
Kapton between Inco.el  t abs  u s i w  RTV-560 adhesive. Pee l  speci-  
mens were fab r i ca t ed  by bonding 1-in.-wide s t r i p s  of 5 - m i l  Kapton 
f i lm  t o  1-in. by 8-in. Inconel s t r i p s .  The specimens were prey 
pared with two d i f f e r e n t  primers, e i t h e r  GE 4004 o r  Dow Corning 
DC-1200, t o  eva lua te  t h e  e f f e c t  of primers on t h e  core-to-metal 
bond. 
Six specimens prepared with each primer were subjec ted  t o  75 
thermal cyc les  - i n  a hydrogen environment, w i th  t h e  same condi- 
t i o n s  described above f o r  t h e  BR-34 primer. The RTV-560 spec i -  
mens changed from red t o  a very dark brown o r  black co lo r  follow- 
ing t h e  hydrogen cycles.  Small samples of t h i s  adhesive that had 
been previously exposed to a temperature of 650'F i n  a i r  f o r  72 
hr  d id  not e x h i b i t  such a change i n  co lor .  
Af te r  undergoing t h e  thermal cyc le  tests, t h e  l a p  shear  and peel  
test  specimens were t e s t e d  a t  room temperature. Specimens that 
had been f ab r i ca t ed  a t  t h e  same time, bu t  no t  thermally cycled, 
were also t e s t e d  f o r  comparison. The pee l  s t r e n g t h  w a s  measured 
i n  the  180'F test configuration. The r e s u l t s  of these  tests are 
given i n  Tables 11-5 and 11-6. Because a minimum of f i v e  speci-  
mens were t e s t ed  f o r  each conf igura t ion ,  only average va lues  are 
reported.  
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The RTV-560 l o s t  from 57 t o  69% of i t s  o r i g i n a l  s t r eng th  i n  shear ,  
but s t i l l  re ta ined  exce l len t  e las tomeric  q u a l i t i e s .  In  pee l ,  the 
l o s s  of s t r eng th  w a s  only 22 t o  30%. We concluded tha t  t he  adhe- 
s i v e  had re ta ined  s u f f i c i e n t  s t r eng th  t o  meet the requirements 
f o r  t h e  i n t e r n a l  i n su la t ion  system. I n  subsequent system tests, 
descr ibed i n  Ch3,ter I V ,  t h e  RTV-560 adhesive was proven t o  be an  
exce l len t  choice f o r  t h e  650°F system. 
P r i m e r  
Dow Cornirq 1200 
General Electxtc 
SS-4004 
Althobgh s i l i c o n e  adhesives were chosen fo r  the  f i n a l  series of 
system tests, BR-34 w a s  not determined t o  be unacceptable,  
Average Ultimate Shear S t r e s s ,  p s i  
A s  Fabricated After 75 
(not thermally Thermal Cycles 
cycled)  i n  Hydrogen 
317 104 
336 136 
Average Ultimate Pee l  S t r e n q h ,  
l b / in .  
A8 Fabricated After 75 
(not thermally Thermal Cyc le s ,  
Primer cycled) i n  Hydrogen 
Dow Corning 1200 2.7 2.1 
General Electric 
SS-4004 2.7 1.9 - 
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damage during f ab r i ca t ion  and handling, t h i s  value i s  acceptable  
a f t e r  t he  panels are i n s t a l l e d .  
no comparable degradation of the  RTV-156 bonds occurred. 
When used i n  650'F s y s t e m  t e s t s ,  
FILLER MATERIAL EVALUATION 
The f i l l e r  mater ia l  used t o  pack the core ce l l s  can be any s u i t -  
a b l e  ma te r i a l  tha t  w i l l  con t ro l  convection, Owens-Corning 
PF-105-iO0 and PF-105-450 f i b e r g l a s s  proved very s a t i s f a c t o r y  a s  
f i l l e r  materials. Since the  f i l l e r  material se lec ted  does not 
a f f e c t  o ther  i n su la t ion  materials, w e  did not eva lua te  o ther  
f i l l e r  materials i n  d e t a i l .  
Both Opacified and nonopacified f i b e r g l a s s  ba t t i ng  were used i n  
f ab r i ca t ing  in su la t ion  specimens. The opacif ied ba t t i ng  material 
was made on s p e c i a l  order  by Owens Corning Fiberg lass ,  using a 
process t o  blow aluminum powder onto the g l a s s  f i b e r s  during the  
f e l t i n g  operation. This  opac i f ied  f i b e r g l a s s  was e f f e c t i v e  i n  
reducing rad ian t  heat t r ans fe r  and would be des i r ab le  f o r  high- 
temperature appl ica t ions  i f  e f f e c t i v e  in su la t ion  ( ra ther  than 
surv iva l )  were required a t  high w a l l  temperatures. 
L. SELECTED MATERIALS 
The materials t h a t  were f i n a l l y  selecred f o r  t he  350'F and 653°F 
insu la t ion  systems are l i s c e d  i n  Table 11-7. The se lec ted  mate- 
r i a l s  systems are designated 350-111 and 650-11. Chapter I V  d is-  
cusses test results f o r  i n su la t ion  systems made with these  mate- 
r ia l s .  
The material sys tems that were o r i g i n a l l y  evaluated i n  the  system 
rests are l i s t e d  i n  Table II-8, and are designated 350-1, 350-11, 
and 650-1. Test results f o r  these  materials are discussed i n  
Appendix A. 
The 650-1 materials were e v a l w t r d  with 6AR-4V ANL t i tanium a l l o y  
as t he  tank Icetal, and the  650-11 materials were evaluated with 
Inconel 718. A l l  th ree  350'F materials were evaluated with 2219 
aluminum a l loy .  
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T&.h 11-7 SeZeoted ImuZathn MateKaZs 
Coerpanent 
Core Ribbon 
Faceshee t 
Core Node Adhesive 
Core-to-Facesheet 
Adhesive 
Core-to-Metal 
Adhesive (and 
grout  compound) 
Primer on Core, 
Facesheet,  and 
Metal 
F i l l e r  Mater3 ?I 
350-111 System 
Material 
~ -~ 
S-mil Kapton f i l m  
(Type HI 
2-mil Tef lon  FEP 
Film (etched both 
s i d e s )  
RTV-156 
RTV-560 w i t h  
0.25% DTD* 
RTV-560 w i t h  
0.25% DTD, 5% 
RTV-9811, and 
1% Cab-0-Si1 
DC-1200 
PF-105-450 
F i b e r g l a s s  
Bat t ing  
Manuf a c t u t  er 
Dupont 
Dupont 
General Electric 
General Electric 
General Electric 
Cabot 
Dow Corning 
Owens-Corning 
650-11 System 
Material 
5 - m i l  Kapton Film 
(Type H) 
1 - m i l  Kapton Film 
(Type H) 
RTV-156’ 
RTV-560 with  
0.25% DTD 
RTV-560 wi th  
0.25% DTD, 
5% RTV-9811, 
and 1% Cab-0-Si1 
DC-1200 
PF-105-700T 
Opacif i e d t  
F i b e r g l a s s  
B a t  t i n g  
Manufacturer 
Dupont 
Dupont 
General E l e c t r i c  
General E l e c t r i c  
General E l e c t r i c  
Dow Corning 
Owens-Corning 
kDTD = dimethyl t i n  d i l a u r a t e .  
+Opacified or nonopacified f i b e r g l a s s  would be  s e l e c t e d  on t h e  b a s i s  of system requirenents. 
w 
A) 
OI 
I Tab la  11-8 Candidate Materials Systems Tested 
Manufacturer Canponent 
350-11 System 
Material 
Core Ribbon 
Whit taker 
Lef f ingwell 
Lefffngwell 
Owens-Corning 
Pac esheet 
Thermadite-17 
RTV-560 
RTV-156 
None 
1200 
1200 
PF-105-700T 
Fiberglass 
(Opacified) 
Core Node Adhesive 
Core-to-Facesheet 
Adhesive 
Core- to-Me ta 1 
Adhesive 
Primers O i l  Metal 
on Core aid 
Facesheet 
Filler Material 
350-1 System 
Material 
h i 1  Upton 
Film (Type H) 
& m i l  Teflon 
FEP Fi lm 
(e; hed both 
sides) 
Thermadi te-17 
Lef koweld 
109f LM-52 
Lef lcoweld 
109f LM-52 
None 
None 
None 
PF-105-700T 
Fiberglass 
(Opacified) 
~~ 
Dupont 
Dupont 
5-mil Kapton 
Film (Type H) 
2-mil Teflon 
FEP Film 
(etched both 
sides) 
Manufacturer 
Dupont 
Dupont 
Whit taker 
General Electric 
General Electric 
Dow Coning 
Dow Corning 
Owens-Corning 
650-1 System 
~~ 
Material 
5-mil Kapton 
Film (Type H) 
1-mil Kapton 
Film (Type H) 
Thermadite-17 
BR-34 
BR-3b 
Thinned BR-34 
None 
None 
PF-105-700T 
Fiberglass 
(Opacified) 
Manufacturer 
Uupont 
Dupont 
Whit t a ker 
American Cyanamid 
American Cyanamid 
American Cyanamid 
Owens-Corning 
The est imated t o t a l  weight per  square f o o t  f o r  the s e l e c t e d  i n -  
s u l a t i o n  materials systems is  given i n  Tab1 11-9. These v a ? w s  
are based on an i n s u l a t i o n  thickness of 1 i n . ,  and have been es- 
timated using the design, f a b r i c a t i o n ,  and i n s t a l l a t i o n  concepts 
presented i n  Chapter 111. A ce l l  s ize  of 2.04 i n .  (height)  by 
1.73 i n .  (average width) wcs chosen, and the  weights shown i n  the 
table have a c t u a l l y  been achieved for prefabr ica ted  panels  using 
these c e l l  dimensions. A s t e n c i l l e d  adhesive p a t t e r n  correspon- 
ding t o  the core p a t t e r n  has  been a s s m e d  f o r  i n s t a l l a t i o n ,  with 
the adhesive s t r i p s  4 i n .  wide and 1/16 i n .  thick.  
The weight of t he  s y s t e m  w i l l  decrease as the  c e l l  s i z e  is in- 
creased, s o  the weight estimates presented here  a r e  bel ieved t o  
be achievable,  and probably conservative.  
Yakle I:-3 Estimated TotaZ Veiaht  of SeZected Insulation Systems per Squars 
Foot (Based on 2 i n .  Thickness of Insulation) 
Cmponent 
~~~~ ~ ~ ~ 
Core Ribbon 
Node Bond Adhesive 
Faceshee t 
Faces hee t - to- core 
Adhesive 
Fil ler 
Primer f c r  Pre- 
fabr ica ted  Panels 
Primer f o r  Tank 
Wall 
I n s  t a l l a  ti on 
Adhesive 
Total  Weight 
)SO-III System 
daterial 
0.005-in. Kapton 
ED-156 
0.002-in. Teflon 
FEP 
RTG-560 
PF-1054 tern 
DC-1200 
DC-1200 
RTV- 5 6 0 
Weight , 
l b / f t 2  
0.0595 
0.0062 
0.0224 
0.0334 
0.9530 
0.0066 
0.0030 
0.1620 
0.3461 
650-11 Sys tern 
~ 
Material - -  
0.005-in. Kapton 
RTV- 156 
0.001-in. Kapton 
RTV-560 
P3-105-i t e m  
DC-1200 
DC-1200 
RTV- 5 6 0 
Weight , 
l b / f  t2 
0.0595 
0.0062 
0.~074 
0.0334 
0,0530 
0.0066 
0.0030 
0.1620 
~~~ 
0.3311 
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- 111. DESIGN AND FABRICATION 
A. DESlGN ANALYSIS 
The c a p i l l a r y  i n t e r n a l  i n s u l a t i o n  concept relies on the  su r face  
tension of the cryogen t o  na in ta in  a gad layer ad jacen t  t o  t h e  
tank wall. The b a s i c  design concept is i l l u s t r a c e d  i n  Fig. 111-1. 
The in su la t ion  cons i s t s  of a c e l l u l a r  core a t t ached  t o  t h e  tank 
wall a d  a per fora ted  facesheet a t tached  t o  t he  inne r  su r face  D f  
t h e  core. The f ac t shee t  has one c a p i l l a r y  opening per c e l l .  The 
c e l l s  can be f i l l e d  with any s u i t a b l e  material, such as . r \que 
f ibrous  b a t t i n g ,  t o  con t ro l  convection ana r ad ia t ion .  4.. h cel l  
a c t s  independantly. 
A s t a b l e  l i qu id /gas  i n t e r f a c e  forms a t  each capillary ope3 ' 8 .  
Thid p revzn t s  t h e  l i q u i d  from e n t e r i n g  the  ce2.l and pos i t i ons  a 
gas layer between t h e  l i q u i d  and t h e  tank w a l l .  Because pressure  
ie equalized across  t h i s  i n t e r f a c e  (except -for a very s m a l l  capil- 
l a r y  pressure d i f fe rence)  che system is e s s e n t i a l l y  f r e e  of pres- 
sure-induced s t r u c t u r a l  loading. Consequently, t h e  ? . su l a t ion  
systcm can be designed with a lightweight s t ruc tu r t ;  and a wide 
range of materials. By incorpora t ing  excess faceshee t  and core 
material t o  accommodate thermal contractio:., t i  .a design can be 
made r e l a t i v e l y  f r e e  of thermally-induced stresses. 
1. Capi l la ry  and Thermodynamic Considerations 
The s t a b i l i t y  of t h e  c a p i l l a r y  l i qu id /gas  i n t e r f w e  is determined 
by the same phys ica l  r e l a t ionsh ips  t h a t  apply t o  t h e  l i qu id /gas  
i n t e r f a c e  formed when a l i q u i d  i u  pos i t ioned  a t  the top of an 
inver ted  cy l inder  closed at one end (i.e., t h e  f a m i l i a r  soda etraw 
experiment). 
mined by a c r i t i c a l  Bond number (Bo) r e l a t i o n s h i p  ( a  r a t i o  of 
g rav i ty  forces  t o  su r face  tension forces) t h a t  e J t a b l i s h e s  the  
m a x i m u m  s i z e  of t h e  c a p i l l a r y  hole. Fur t h i s  s i t u a t i o n ,  the  limit 
of s t a b i l i t y  f o r  a pe r fec t ly  we t t ing  l i q u i d  is determined by 
The s t a b i l i t y  of t h e  c a p i l l a r y  i n t e r f a c e  i s  de te r -  
Bo * p - 3.37, 
OC 

where: 
Bo = Bond n u d e r ,  dimensionless 
C. = density of l i q u i d  (minus densizy of gas), l b  m / f t 3  
= ratio of acce le ra t ion  or l o c a l  g r a v i t a t i o n a l  f i e l d  
gc t o  g r a v i t a t i o n a l  cons tan t ,  lbJlbm 
d = diEter of c a p i l l a r y  opening, f t  
a = su r face  tension. ]s f / f t .  
Thus, c a p i l l a r y  hole  s ize  is l imi ted  by the r e l a t i o n s h i p  
P i-. - 
In prac t i ce ,  a much smaller c a p i l l a r y  opening cau be used with a 
g r e a t e r  s t a b i l i t y  margin. 
is determined by p res su re -equa l i za t im  considerations. 
The lower l i m i t  of c a p i l l a r y  hole  s i z e  
For space vehicle app l i ca t ions ,  three di f  f r r e n t  gravj tational 
envi r&ts  exist: 1 g during fue l ing ,  3 g dur ing  the  boost 
phase, and zero g during f l i g h t .  The maximum c a p i l l a r y  hole  
diameter f o r  each environment is given belcrw. 
For Uqtvid hydrogen, 
o = 13.05 x l b l f t ,  
p = 4.43 15/ft3.  
13.05 x ’ - 0.00992 f t  (0.119 in.) 
4.43) 32.2 3 
t [w 32*2 13.05 x 10-3’ = 0.00575 f t  (0.063 in.) For g* 4.43 3(32.2) 
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For t h e  i n t e r n a l  i n s u l a t i o n  system, a c a p i l l a r y  hole s i z e  of 3.020 
t o  C, 0 i n .  is acceptable and p r a c t i c a l  f o r  f a b r i c a t i o n .  
The above ana lys i s  is  based on a contact  angle  of zero €or per- 
f e c t l y  w e t t i n g  l i qu ids .  The contact  angle is t h e  angle formed 
through t h e  l i q u i d  at t h e  l i n e  of contact  between l i q u i d ,  gas,  and 
s o l i d .  This  angle general ly  depends on t h e  l i q u i d  and s o i i d  be- 
ing used. Since a contact angle l a r g e r  than zero  would increase  
s t a b i l i t y ,  t h e  Bond number r e l a t i o n s h i p  i s  v a l i d  f o r  e s t a b l i s h i n g  
c a p i l l a r j  criteria. 
A s t a t i c  pressure d i f f e r e n t i a l  across  t h e  facesheet  can e x i s t  as 
a r e s u l t  of sur face  tension fo rces .  For a c i r c u l a r  opening, t h e  
m a x i m u m  c a p i l l a r y  pressure d i f f e r e n t i a l  (AP) is 
where R1 and R2 are t h e  major and minor radi i  of curvature  at any 
point  on the s t a t i c  l iqu id /gas  i n t a f a c e ,  and d is t h e  diameter of 
t h e  c a p i l l a r y  opening. For a l i q u i d  hydrogen system and a capil- 
l a r y  diameter of 0.035 in. ,  t h e  pressure d i f f e r e n t i a l  is on t h e  
order of 0.001 ps i .  This c a 2 i l l a r y  pressure  depends on t h e  shape 
of t h e  i n t e r f a c e ,  and w i l l  b e  a maximun! when a hemispherical  
bubble is formed at t h e  o p e n i q .  
When a l i q u i d  cryogen f i r s t  contacts  the i n s u l a t i o n ,  the gas i n  
t h e  cells  cools  and con t r ac t s ,  tending to  lower the cel l  pressure.  
As a result, some l i q u i d  e n t e r s  t h e  cells and begins t o  vaporize 
because t h e  temperature within the  cel ls  is higher  than the b o i l -  
i n g  poin t  f o r  t h e  cryogen. The gas that is produced then tends 
to pressur ize  the cell .  As the ce l l  pressure exceeds the local 
pressure i n  t h e  bulk l i q u i d ,  gas is discharged from the cell 
through the opening, forming bubbles i n  the  l i qu id .  
This proce is  of gas e n t e r i n g  the cel l ,  vaporizing, and being d i s -  
charged from t h e  ce l l  w i l l  continue u n t i l  a sta te  of thermal and 
pressure e q u i l i b r i u a  is reached. I f  t h e  tank o r  head pressure is  
increased, t h i s  sequence of events  w i l l  be repeated u n t i l  a new 
equi l ibr ium is  achieved. S imi la r ly ,  i f  t h e  tank pressure is de- 
creased, gas w i l l  be discharged from t h e  ce l l  un t i l  t h e  pressure 
is again equalized. 
The pressure t h a t  can e x i s t  across  t h e  facesheet  depends on the  
rate of change of tank p r e s s u r e  and on the  r e l a t i o n s h i p  between 
the  facesheet  ho le  s i z e  (and the  consequent flow-loss character-  
i s t ic)  and t h e  ce l l  volume. The small d i f f e r e n t i a l  ( cap i l l a ry )  
pressure t h a t  can b e  supported by the  su r face  tens ion  of t h e  in-  
t e r f a c e  can e x i s t  without any flow of l i qu id  or gas through the  
facesheet  opening. 
2. Thermal "Stress-Free" Desigr- Concept 
Because t h e  i n s u l a t i o n  system is pressure-equalized, i t  does not  
support  s teady-state  l i qu id  or  pressure loads.  
loads are transmit ted through the columns of gas i n  t h e  insu la-  
t i o n  cells  d i r e c t l y  t o  the tank walls. In e f f e c t ,  f a c t o r s  such 
as rapid pressure  changes and changes i n  t h e  head pressure  of 
t h e  l i q u i d  due t o  veh ic l e  acce le ra t ion  changes and propel lan t  
s losh ing  produce t h e  s i g n i f i c a n t  l oads  on t h e  in su la t ion ,  bu t  
these loads are r e l a t i v e l y  minor. 
carr . requirements are small, t h e  in su la t ion  system c3n b h  
der .o be l ightweight ,  f l e x i b l e ,  and r e l a t i v e l y  f r e e  of 
the, induced stresses. 
Rather, t.iese 
Because t h e  s t r u c t u r a l  lcsd-  
The des& 1 approach i n  minimizing thermal 8 tresses is  t o  b u i l d  
i n  add ' . t ioaal  material, so that the  members do not  become loaded 
in tension when thermal con t r ac t ion  occurs. 
t h i s  is accomplished by configuring t h e  ribbon that forms the  
cell walls l a  an S-shape. 
t he  s t r a i g h t - l i n e  d i s t ance  between the  node boncis by a f a c t o r  
more than s u f f i c i e n t  t o  compensate f o r  contraction." 
For c e l l u l a r  core ,  
The actual length i" t h e  ribbon exceeds 
In prac t ice ,  t he  excess ribbon length  f o r  each span is approxi- 
mately S%%. This  is several times (a f a c t o r  of  10 or more f o r  
Kapton) g rea t e r  than t h e  cont rac t ion  of t h e  ribbon i n  going from 
room temperature t o  t h a t  of t h e  l i q u i d  hydrogen, and is near t h e  
maximum excess length t h a t  can be accommodated before  cell buck- 
l ing occurs. 
--------------_--------~------------------------- * 
Since the segments of the ribbons joined by the node bond are 
common t o  two adjacent  cells, those segments are not  f r e e  t o  d i s -  
t o r t  t o  accommodate thermal cont rac t ion .  Therefore the node bonds 
are kept  narrow i n  order  t o  inc rease  the  por t ion  of t h e  ribbon 
t h a t  is free t o  d i s t o r t  i n t o  a new path between node poin ts .  
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To compensate for t he  cont rac t ion  of t h e  facesheet, i t  is dimpled. 
A t t e m p t s  t o  analyze t h e  d i s t o r t i o n  of a facesheet  bonded to  a 
d i s t o r t e d  c e l l  ribbon and t o  determine the  m i n i m u m  dimpling re- 
quired have been inconclusive.  Our experience has shown t h a t  a 
t o t a l  dimple depth of 0.075 i n .  pe r  inch of facesheet  span is suf -  
f i c i e n t  t o  prevent tears i n  Teflon. And although t h e  d i f f e r e n t  
rates of thermal con t r ac t ion  f o r  t h e  core  material, adhesive,  and 
facesheet  result i n  thermal stresses, these  are r ead i ly  overcome 
by t h e  adhesive. 
3 .  C e l l  S ize  Considerations 
The primary l i m i t a t i o n  on cell size is set by the  na tu re  of t h e  
t r a n s i e n t  pressure  changes on t h e  tank and the  a b i l i t y  of t h e  
facesheet  t o  momentarily withstand a pressure load. There is 
also a l i m i t  t o  t h e  s i z e  of t h e  opening i n  t h e  facesheet ,  which 
is based on c a p i l l a r y  s t a b i l i t y  considerat ions.  Therefore,  f o r  
a given rate of a res su re  change i n  t h e  tank,  assuming t h e  o ther  
parameters are f ixed,  t h e  rate of pressure  equa l i za t ion ,  md con- 
sequently,  t he  maximum d i f f e r e n t i a l  p ressure  across  t h e  faceshee t ,  
can b e  l imi ted  by l i m i t i n g  the ce l l  volume. 
In addi t ion ,  t h e  core  material m u s t  b e  a b l e  t o  withstand t h e  com- 
press ive  load induced by a d i f f e r e n t i a l  p ressure  across  t h e  face- 
shee t ,  as w e l l  as other  loads t h a t  may b e  imposed. Based on past 
experience,  t h e  most severe compressive loads  imposed on t h e  co re  
will be  those  incurred during panel  f ab r i ca t ion .  
c a t i o n  methods r equ i r e  t h e  co re  to  b e  capable of withstanding a 
compressive load of 1 t o  2 ps i .  
Current f i ibri-  
Other considerat ions a f f e c t i n g  ce l l  s i ze  are system weight and, 
possibly,  cos t .  
number of node bonds per  unit area decrease as t h e  ce l l  s i z e  in-  
creases, the weight of adhesive would also decrease as t he  cells 
are made l a rge r .  
The s t r u c t u r a l  p rope r t i e s  of t h e  cellular core material used i n  
t h e  i n t e r n a l  i n s u l a t i o n  system are q u i t e  unl ike those f o r  s t ruc -  
t u r a l  honeycomb sandwiches. However, t h e  a n a l y t i c a l  approaches 
used f o r  s t r u c t u r a l  honeycomb w e r e  employed t o  gain an  understand- 
ing of t h e  f a c t o r s  involved in minimizing core weight. 
S ince  t h e  t o t a l  length of t h e  ribbon and t h e  
The f l a twi se  compressive s t r eng th  of l a r g e - c e l l  core is determined 
on the  basis of column buckling. 
of i n t e r e s t  i s  t h e  t e n s i l e  modulus, r a the r  than the  t e n s i l e  
s t r eng th .  
t h e  allowable buckl ing stress is 
I n  column buckl ing the  property 
I f  the core  becween two nodes is considered as a p l a t e ,  
Hcwever, i f  t he  p l a t e  is curved, which i t  is when t he  core  is 
expanded, then 
t - R' 
where : 
B = radius of curvature ,  
K = funct ion of Poisson's r a t i o ,  
C = empir ica l  funct ion deternrined by test, 
b = length of core between nodes, 
E = modulus of e l a s t i c i t y ,  
t = thickness  of core ribbon 
The parameter, then, that should be used to  minimize t h e  weight 
of the i n su la t ion  system f o r  me core  material is the  modulus 
of e l a s t i c i t y .  
For a f ixed  Wulus  of e l a s t i c i t y  and geometr ical ly  siPilar de- 
s igns ,  i t  would appear tha t  t h e  product of ribbon thickness  aqd 
total  ribbon length per unit  area I s  constant f o r  a given cm- 
p r e s s i w  #strength. By t h i s  argument, weight is no t  a funct ion of 
cell s i ze  i f  the  cptimum ribbon th ickness  is chosen In all cases. 
The more important f e a t u r e s  of our  core design are the S-shaped 
ribbons and narraw bond l i n e s ,  r a t h e r  than t h e  opt imizat ion of 
s t r u c t u r a l  capab i l i t i e s .  The S-curve provides excess ribbon to 
prevent tension loads due t o  thermal contractiorr. Cells from 1 
t o  3 in .  i n  t h e i r  major dimension have been f ab r i ca t ed  using 
0.005-la. Kapton f i lm  and have exhib i ted  s u f f i c i e n t  compressive 
s t rength .  Exact cell  dimensions are set by tank s i z e  and geom- 
e t r y  when the nested panel design concept, discussed b e l w ,  is 
used. 
B. DESIGN AND FABRICATION DEVELOPMENT 
Although t h e  i n s u l a t i o n  concept is r e l a t i v e l y  s imple ,  we found 
t h a t  considerable attention--both t o  design and f a b r i c a t i o n  de- 
tails--vas e s s e n t i a l  t o  its st iccessful  app l i ca t ion .  
a major part of t h i s  program d e a l t  with developing design and 
f ab r i ca t ion  methods f o r  i n s u l a t i n g  an e n t i r e  l a rge  tank even 
though only small panels and domes w e r e  used to prove the  con- 
cepts .  
Consequently, 
These e f f o r t s  had th ree  bas i c  objec t ives :  
i n s u l a t i o n  panels with cons i s t en t ly  high q u a l i t y ;  t o  dev i se  tech- 
niques t h a t  would enable  these  prefabricated panels  t o  b e  i n s t a l l e d  
i n  t h e  f i e l d  with a minimum of e f f o r t ;  and t o  develop techniques 
for r epa i r ing  t h e  i n s u l a t i o n  i n  case i t  were inadve r t en t ly  dam- 
aged a f t e r  being i n s t a l l e d .  
t o  o b t a i n  prefabr ica ted  
The i n s u l a t i o n  specimens t h a t  w e r e  i n i t i a l l y  f ab r i ca t ed  had a 
rectilinear core with s t r a i g h t  Kapton ribbons. The r e c t i l i n e a r  
core w a s  f ab r i ca t ed  by applying p a r a l l e l  l i n e s  of adhesive t o  
t h e  Kapton ribbons at regular  i n t e r v a l s  and bonding t h e  ribbons 
together ,  e i t h e r  i n  a f l a t  pa t t e rn  or i n  expanded form. Core 
bonding i n  a f l a t  p a t t e r n  was amre e f f i c i e n t ,  b u t  t h i s  required 
selecting an adhesive with t h e  proper v i s c o s i t y  and using a 
resonable bond pressure  t o  prevent t n e  bond l i n e  from spreading. 
With the polyimide adhesives (which required high bond pressures) ,  
i t  YZS necessary to bond t h e  core i n  expanded form, as shown i n  
Fig. 111-2. With t h e  s i l i c o n e  adhesives,  t h e  core was f i r s t  
bonded i n  a f l a t  p a t t e r n  (see Fig. 111-3) and then expanded on a 
rake. 
Before bonding t h e  facesheet  t o  t h e  core ,  t h e  core was f i r a t  ex- 
panded on a contoured rake (whose shape corresponded to  t h e  in-  
s t a l l e d  curvature  of  t h e  insu la t ion)  t o  produce the proper cel l  
shspe. I n  this way, t h e  core  would r e t a i n  its expanded shape 
after t h e  faceshee t  w a s  bonded t o  it. 
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The bas i c  r e c t i l i n e a r  core  with s t r a i g h t  r ibbons w a s  acceptable  
f o r  i n su la t ing  b a r r e l  s ec t ions  of c y l i n d r i c a l  tanks, provided 
t h a t  t h e  i n s t a l l e d  curvature  was not too g rea t .  Although an 
exact curvature  l i m i t  has ,lot y e t  been e s t ab l i shed ,  w e  have found 
t h a t  t h i s  core  design can b e  w e d  whenever t h e  r a t i o  of tank  
diameter t o  in su la t ion  thickness  exceeds 60. For i n s u l a t i n g  
c y l i n d r i c a l  s ec t ions  with smaller r a t i o s ,  t h e  r e c t i l i n e a r  core  
can be  formed with curved ribbons,  as shown i n  Fig. III-6.* 
The following paragraphs d iscuss  a similar so lu t ion  f o r  i n s u l a t -  
i ng  sec t ions  with high compound curvature.  
Fig. 111-6 Flat-Pattern Fabrication of Recti linear 
Corn for a SnaaZl Cylindrical. Tank 
Pane2 Jmht  DeWbptent - The o r i g i n a l  concept considered f o r  
j o in ing  in su la t ion  panels during i n s t a l l a t i o n  w a s  a s p l i c i n g  
opera t ion  t h a t  involved c u t t i n g  the  panels t o  t h e  des i red  s i z e  
and shape, i n s t a l l i n g  them on t h e  tank w a l l ,  and completing par- 
t i a l  cells between the panels. This required bonding add i t iona l  
core rihbons (or s p l i c i n g  adjacent: ribbons) , i n s t a l l i n g  f i l l e r  
material, and bonding, dimpling, and pe r fo ra t ing  the  facesheet .  
Although only small s p l i c e s  were made using t h i s  concept, i t  was 
judged imprac t ica l  f o r  large-scale  production. 
.......................................................... * 
t o  follow o c y l i n d i i c a l  contour,  the  ribbons follow an essentially 
s t r a i g h t  path, p a r a l l e l  t o  t h e  axis of t h e  cyl inder .  
cu te  of t h e  ribbons i n  t h e  f l a t  p a t t e r n  provides f o r  t h e  same 
expansion r a t i o  (excess ribbon length f ac to r )  a t  t h e  w a l l  and 
facesheet  s i d e s  of the core.  
It is inKeresting t o  no te  t h a t ,  when t h e  i n s u l a t i o n  is expanded 
The curva- 
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In  examining a l t e r n a t i v e  design concepts,  we  conducted f u r t h e r  
s t u d i e s  t o  improve a nested j o i n t  approach t h a t  had previously 
been developed f o r  j o in ing  t h e  in su la t ion  panels.  I n  t h i s  bas i c  
concept, t he  panels are designed t o  n e s t  together  on a l l  s i d e s  
when i n s t a l l e d ,  forming a narrow, serpent ine  gap between the 
panels. This gap is then f i l l e d  using a grout ing compound with 
a r e l a t i v e l y  low thermal conductivity.* A t y p i c a l  grout  j o i n t  
is shown i n  Fig. 111-7. 
Direction) 
Fig. III-7 Yested Grout Joint Concept  
--------------------____________I_______- ------------------- * 
Despite t h e  f a c t  t h a t  the  g r w t  has a thermal cbti2uctivity 
s e v e r a l  times higher  than t h a t  of t he  i n s u l a t i o n  panel ,  the 
t o t a l  c ross  sec t ion  of t h e  grout  is on the  order  of I.% of the 
to t a l  area. Thus, there  i s  no s i g n i f i c a n t  degradation In the 
performance of t he  o v e r a l l  sys tem.  
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The curved grout  j o i n t  can accommodate thermal cont rac t ion  by 
changing shape, and consequently does not develop severe  stresses. 
Using t h e  grout  j o t n t  method, t h e  in su la t ion  panels must b e  
designed t o  t h e  shape and s i z e  of t h e  particular tank t o  be  in- 
d a t e d ,  but reasonable  to le rances  can b e  provided by using a 
th icker  s e c t i o n  of grout  material. Each core panel is designed 
with an odd number of ribbons and an even number of core node 
bond l i n e s .  This results i n  panels whose length and width cor- 
respond t o  an odd number of "half" c e l l s .  I n  t h i s  context ,  a 
"half" ce l l  i-efers t o  t h e  t o t a l  width of t h e  panel  i n  terms of 
the  width of each cell ,  and not t o  incomplete o r  open cells. 
11. o the r  words, the  panel ' s  dimensions are equal t o  
where 
n = number of cells i n  width o r  length  of panel ,  
w = panel width, 
5 cel l  width, c e l l  W 
h = panel he ight ,  
f cel, ,e ight .  hcell 
Pane2 Design for C m o d  D m s  - A s p e c i a l  core design w a s  de- 
veloped t o  enable us t o  i n s u l a t e  an axisymmetric curved dome 
using the nested-grout-joint  approach. For t h i s  app l i ca t ion ,  the 
panels are designed In r i n g  segments that are i n s t a l l e d  i n  con- 
c e n t r i c  rings about t h e  4 s  of t h e  tank (Fig. 111-8). 
ribbons radiate from t h e  center  of t h e  dome. The number of ribbons 
doubles at d i s c r e t e  po in t s  as t h e  d i s t ance  from t h e  c e n t e r l i n e  
increases ,  thus increas ing  t h e  nmber of cells and keeping cell 
dimensions wi th in  a f i x e d  range. 
A l l  core  
The panels are designed with curved core ribbons t o  conform t o  
the contour of the  tank. 
a l l  s i d e s ,  and t h e  j o in t s  are grouted i n  t h e  same manner described 
above (see Fig. 111-9). 
Each panel  nests with its neighbor on 
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nltmber of r i n g  segment pane?s and ribbans t o  be reduced by one- 
ha l f  tauard the center  of the dame of a concentr ic  tank, o r  
daubled several times as their d is tance  from thi cen te r l ine  in- 
creases ,  t o  keep the  panels and cell size within a convenient 
size range. * 
C Xthod of designing t h e  core ribbons t o  f i t  t h e  curvature  of 
tikc: dmse vhea t h e  penel was expanded w a s  based on t h e  p r inc ip l e s  
of desc r ip t ive  geometry, b u t  imrolved some trial and e r r o r .  
more efficient and accurate method would b e  t o  use computer tech- 
niques and p lo t t i ng ,  both t o  size and l a y  out t h e  p a n e b  and to  
generate  de t a i l ed  :-lael designs. Such a computer-developecl de- 
s i p  w a s  previously demonstrated f o r  flat-bottomed tanks. 
A 
The nested grout j o i n t  concept and t h e  r ad ia t ing  core design 
used f o r  dome insu la t ion  w e r e  o r ig ina ted  under a Corporation- 
funded cuuonercial venture pro jec t .  
developed and ref ined on t h i s  cont rac t  e f f o r t .  
ca t ion  methods and tool ing concepts are discussed in Sect ion C 
and Appendix B. 
These concepts w e r e  fu r the r  
Details of f ab r i -  
Under Contract NS3-14384 , Internat Insutatia System Delle bp- 
mnt ,  they have been extended t o  t h e  design and f ab r i ca t ion  of 
panels to i n s u l a t e  t h e  e n t i r e  i n s i d e  sur face  of a 6-ft-diameter 
aldnuol taalt. Under tha t  same cont rac t ,  tool ing and in su la t ion  
panels w e r e  fabr ica ted  for rank b a r r e l  sections, domes, and t h e  
transition s e c t i o n  between t h e  b a r r e l  and dome. Although some 
improvements have been made during t h i s  tank demonstration ef-  
fort, the bas ic  design and f ab r i ca t ion  concepts have proved 
successful .  
In i av ing  out the insu la t fon  f o r  t h e  6-ft-diameter tank t o  be 
insu la ted  -der Contract NAS3-14384, w e  determinea an optimum 
cell configurat ion f o r  t he  c y l i n d r i c a l  i n su la t ion  pare ls .  
opt- cell has a he ight  (between bond l ines )  of 2.04 i n .  and an 
average width of 1.73 i n .  
the  p i tch  of t h e  unexpanded bondline is 2.875 in. 
This 
The bond l i n e  is 0.1875 in. wide  and 
These dimensions w n x e  chosen t o  provide an acceptable c e l l  shape 
and t o  provide for eight panels, each 16 c e l l s  wide, extending 
around t h e  circumference of t h e  tank. On a l a r g e r  tank (e.g., 
fo r  t h e  Space Shut t le ,  t h e  cell s ize  could be fu r the r  optimized 
t c  minimize t h e  number of core  ribbons. 
----------- -----I-------------- * 
Actua l ly .  the number of ribboos remains 2" 4- 1, where n decreases 
by 1 as &boas are discontinued t o  increase  cell  s i ze .  
sign is i l l u s t r a t e d  In Fig. 111-8. 
This de- 
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C. 
1. 
FABRICATICN TECHNIQUES 
Techniques f o r  f a b r i c a t i n g  t h e  i n t e r n a l  i n s u l a t i o n  were evaluated 
using var ious material systems. 
i n  t h e  following sec t ions .  
f a b r i c a t i o n  is contained i n  Appendix r). 
These techniques are discussed 
A d e t a i l e d  process s p e c i f i c a t i o n  f o r  
S i l i c o n e  adhesives were s e l e c t e d  f o r  t h e  350 and 650’F s y s t e m s  
after considerable  materials t e s t i n g  and f a b r i c a t i o n  experience. 
However, c e r t a i n  p e c u l i a r i t i e s  w e r e  discovered i n  using s i l i c o n e  
adhesives f o r  t h i s  appl icat ion.  These are discussed a t  t h e  end 
of t h i s  s e c t i o n  under “Bonding Techniques .I1 
Core Fabricat ion 
Core design and f a b r i c a t i o n  methods f o r  i n s u l a t i n g  a c o n c e n t r x  
tank were discussed i n  Sect ion B. Before these  concepts were 
developed, a number or techniques w e r e  used i n  f a b r i c a t i n g  test 
specimens to evaluate t h e  e f f e c t  of various materials systems. 
The rec t i l i nea r  core f o r  t h e  i n s u l a t i o n  test specimens w a s  i n i -  
t i a l l y  fabr ica ted  using Thermadite-17 as t h e  core  node adhesive.  
Due to  t h e  low v i s c o s i t y  and high bonding pressure required f o r  
this polyimide adhesive, t h e  core  was bonded i n  expanded form 
to  prevent t h e  bond l i n e s  from spreading. The adhesive w a s  
brushed onto 1-in.-wide Kapton s t r i p s  at  t h e  des i red  spacing, 
and t h e  s t r i p s  were bonded i n  t h e  three-dimensional frame shown 
in Fig. 1x1-10. After  t h e  adhesive w a s  cured, t h e  core w a s  ex- 
panded on a rake. 
By using t h e  RTV-156 s i l i c o n e  adhesive instead of t h e  polyimide 
adhesive f o r  co re  node bonding, i t  w a s  p o s s i b l e  t o  assemble t h e  
core ribbons in a f l a t  p a t t e r n  s i n c e  high bonding pressures  were 
not required. This provided p r e c i s e  c o n t r o l  of  bond l i ne  spac- 
ing and resu l ted  i n  high f a b r i c a t i o n  e f f ic iency .  
For bonding t h e  core w i t h  RTV-156 adhesive,  t h e  Kapton s t r i p s  were 
soaked i n  water f o r  a minimum of 12 h r  and wiped dry wi th in  30 
minutes of  appIying t h e  adhesive. 
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3, 
To bond t h e  facesheet t o  t h e  core, a uniform 1/16-in. l aye r  of 
adhesive was f i r s t  spread on a rubber o r  polyethylene t r a n s f e r  
shee t  and t h i s  shee t  w a s  assembled t o  t h e  l i d  of t h e  vacuum box. 
N e x t ,  t he  expanded core  ( i n t a l l e d  i n  t h e  assembly too l )  was in- 
verted,  and t h i s  w a s  also assembled t o  t h e  l i d  of t h e  vacuum box. 
A s l i g h t  vacuum w a s  then used t o  draw t h e  core  aga ins t  t h e  coated 
transfer shee t .  Af te r  akproximately 3 minutes, t h e  vacuum w a s  
released and the core  w a s  a l l a r e d  t o  d r i p  f o r  6 t o  10 minutes. 
Or ig ina l ly ,  t h e  co re  vas b l o t t e d  on a polyethelyene s h e e t  t o  
remove excess adhesive. However, t h i s  w a s  unnecessary i f  suf- 
f i c i e n t  time w a s  allowed f o r  t h e  excess adhesive t o  d r i p  of f .  
After t h e  vacuum box/core assembly w a s  removed from t h e  l i d ,  i t  
w a s  set as ide  i n  t h e  inver ted  pos i t ion .  
shee t  w a s  then removed and t h e  faceshee t  w a s  i n s t a l l e d  i n  its 
place. 
t h e  l i d  and t h e  facesheet w a s  drawn against t h e  core with vacuum 
(approximately 0.5 psid) f o r  a minimum of 12 hr to  cure  t h e  ad- 
hesive. This method erisurei i n t ima te  contac t  between t h e  face- 
shee t  and t h e  core ribbons, which is e s s e n t i a l  t o  achieve con- 
s i s t e n t l y  good bonding. 
The adhesive t r a n s f e r  
The vacuum boxlcore assembly w a s  then reassembled t o  
In f a b r i c a t i n g  some test soecimens, w e  used a dead weight, r a the r  
than vacuum pressure t o  bout t h  * facesheet.  
Facesheet Dimpling 
a. Teflon - The Teflon facesheet f o r  t h e  350'F i n s u l a t i o n  sys- 
tem was i n t i a l l y  dimpled by using vacuum t o  stress t h e  material 
and then us ing  a heat gun t o  apply a b l a s t  of controlled-temper- 
a t u r e  hot air t o  t h e  material. Although t h i s  method produced 
f a i r l y  cons i s t en t  r e s u l t s ,  i t  had t w o  major l imi t a t ions :  t h e  
success w a s  somewhat dependent on t h e  sldll of t h e  opera tor ,  and 
t h e  temperature was not  cons tan t  throughout t h e  c ros s  s e c t i o n  *if 
t h e  airstream. 
We conducted several experiments t o  improve t h e  q u a l i t y  of t h e  
dimpling opera t ion  and t o  minimize t h e  inf luence  of opera tor  
s k i l l .  
the facesheet)  was i n s t a l l e d  i n  a vacuum box and a vacuum was 
applied t o  stress t h e  facesheet.  
w a s  positioned over t h e  facesheet and l i g h t  pressure was applied t o  
ensure contact with t h e  facesheet.  F ina l ly ,  t h e  temperature of 
t h e  hea te r  blanket was ra i sed  t o  430'F and held f o r  1 t o  2 minutes 
a t  a vacuum of 1.25 psid. 
As before,  the i n s u l a t i o n  panel (with t h e  core  bonded t o  
Next, an electric hea te r  blanket 
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The hea ter  blanket  method provided cons i s t en t  dimples of adequate 
depth. 
due t o  shrinkage (apparent ly ,  t h e  Teflon d id  not reach a s u f f i -  
c i e n t l y  high temperature to  eliminate t h e  "memory" of t h e  film). 
We found tha t  w e  were unable to  achieve the  higher  temperature 
required fo r  permanent dimples using t h z  hea te r  b lanket  without 
c rea t ing  hot spo t s  t h a t  melted t h e  f i l m .  
also unsa t i s fac tory  because of t h e  high heat  t ransmiss iv i ty  of 
t h e  Teflon. 
However, a t  350°F t h e  dimples almost completely disappeared 
Radiant hea t ing  was 
Sat i s f ac to ry  dimples were f i n a l l y  achieved by re turn ing  t o  t h e  
hot-air  b l a s t  method. 
(pa r t i cu la r ly  t h e  w i d e  temperature v a r i a t i o n  ac ross  t h e  airs trcam) , 
adequate heat-set  dimples were obtained using a hand-held electric 
hea t  gun. 
Although t h i s  method has  c e r t a i n  drawbacks 
I n  attempting t o  improve t h i s  method, w e  found t h a t  by reducing 
t h e  d i f f e r e n t i a l  pressure ac ross  the  facesheet  t o  0.36 p s i  o r  
less, dimples would only form at higher facesheet  temperatures. 
This discovery was s i g n i f i c a n t  s i n c e  using a higher  dimpling tem- 
perature ,  t h e  dimples were not  a f f ec t ed  by being exposed t o  air 
at 350°F. After  considerable  p rac t i ce ,  t h e  opera tors  were a b l e  
t o  produce s a t i s f a c t o r y  dimples with only an occasional  melt- 
through. 
not  been determined because of t h e  d i f f i c u l t y  i n  measuring t h e  
a c t u a l  temperature of t h e  Teflon. 
The p r e c i s e  f i l m  temperature required f o r  dimpling has 
To ob ta in  cons i s t en t ly  s a t i s f a c t o r y  r e s u l t s ,  w e  decided t o  fab- 
r i c a t e  an improved dimpling f i x t u r e  (Fig. 111-16 and 111-17). 
This f i x t u r e  consis ted of a 10-lcw hearer  t h a t  discharges a narrow 
stream of hot  air approximately 36 in. long. 
mounted on a s w i n g  arm assembly t h a t  could be moved across  t h e  
in su la t ion  panel at a constant  d i s t ance  from t h e  facesheet .  Since 
t h e  Teflon f i l m  has  occasional  w e a k  s p o t s ,  some melt-through s t i l l  
occurred i n  using t h i s  f i x t u r e  even though no regular  p a t t e r n  of 
hot  spo t s  could b e  detected.  
s traightforward and was consldered an acceptable  inconvenience. 
The hea te r  was 
Repairing the  damaged cells w a s  
b. 
t i o n  system was i n i t i a l l y  a problem because t h e  5-mil Kapton core  
buckled under 9 pressure  of 3 p s i  without d:!mpling. Various methods 
of dimpling the Kapton facesheet w e r e  inveet igdted.  We f i r s t  at- 
tempted t o  dimple t h e  facesheet  on a nominal 2-In. c e l l  of Kapton 
core by f reez lng  water t o  support  t h e  core,  bur these  attempte 
p t  -3 msuccesefu l .  
Kupton - Dimpling t h e  Kaptoo facesheet  for t h e  650'F i a su la -  
We then decided t o  t r y  using a predimpled 
f 6 C  &et .  
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4. 
A metal plate was machined to  the  pa t t e rn  of t h e  core and at tached 
to  a vacuum box (see Fig.  111-17). 
predimpled on t h i s  t o o l  i n  an autoclave a t  500°F, using a d i f -  
f e r e n t i a l  pressure of 20 p s i  across  the  facesheet .  
was used i n  f ab r i ca t ing  a number of test specimens. 
The Kapton facesheet was then 
This method 
Further experiments were conducted i n  an attempt to dimple t h e  
Kapton facesheet a f t e r  bonding i t  t o  the  core. 
pressure across  t h e  Kapton f i l m  was increased by i n s t a l l i n g  s t i f -  
feners  i n  the  core. These s t i f f e n e r s  were s t r i p s  of t h i n  shim 
s tock  (0.002-in. s t a i n l e s s )  cu t  t o  the  proper length t o  c lose ly  
follow the  c e l l  w a l l  when i n s t a l l e d  i n  pa i r s .  This method al- 
lowed t h e  pressure d i f f e r e n t i a l  across  t h e  facesheet  t o  b e  in-  
creased without co l laps ing  the  core. 
t h e  dimpling temperature, no s i g n i f i c a n t  improvement was achieved. 
The d i f f e r e n t i a l  
However, without increas ing  
A propane-fired hea ter  was fabr ica ted  t o  achieve higher dimpling 
temperatures. Sa t ibfac tory  dimples w e r e  obtained without having 
t o  inc rease  t h e  pressure d i f f e r e n t i a l  above t h a t  which the  core 
w i l l  support (approximately 1 t o  2 psid).  
Equally good dimpling r e s u l t s  were obtained by modifying a stand- 
a rd  electric hea te r  gun t o  achieve a higher airstream temperature. 
An airstream temperature of 1000°F o r  more is required f o r  dimpl- 
ing t h e  Kapton using t h i s  method. And although operator  s k i l l  
is  required t o  prevent scorching, cons i s t en t ly  good dimples can 
be obtained without damaging the  Kapton facesheet .  
Facesheet Per fora t ing  and TrimaninA 
After t h e  facesheet  w a s  dimpled, t h e  excess facesheet  material 
around the  perimeter of t h e  panels w a s  trimmed c l o s e  t o  the  core ,  
removing approximately ha l f  of t h e  outs ide  bond l i n e .  This  manual 
operat ion required considerable  ca re  and patience.  For mass pro- 
duction, a mechanized means f o r  trimming t h e  panels w i l l  b e  essen- 
tial. 
The facesheet was then perforated (one opening per cell) using a 
so lder ing  I ron  with a 0.035-in.4iameter needle. 
When the  needlc is heated s u f f i c i e n t l y ,  t h e  ho le s  are p a r t i a l l y  
melted through thus el iminat ing tears i n  t h e  facesheet.  
f u l l y  cont ro l l ing  t h e  temperature of t h e  needle,  and a f t e r  some 
p rac t i ce ,  s a t i s f a c t o r y  holes  can b e  produced with a hand-held 
By care- 
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To minimize t h e  weight of t h e  in su la t ion  s y s t e m  and t o  optimize 
its thermal performance, the  adhesive should be  applied only t o  
the  ex ten t  needed t o  bond t h e  in su la t ion  t o  t h e  tank w a l l  and 
prevent leakage between adjacent c e l l s .  
t h i s  is t o  app ly  t h e  adhesive with a s t e n c i l .  This method is 
a l s o  more p r i c t i c a l  t h a n  dipping t h e  core inco the  adhesive, 
because when t h e  panels are f i l l e d  w i t h  f i b e r g l a s s  b a t t i n g ,  t h e  
loose  f i b e r s  tend t o  contact t he  adhesive 2nd p u l l  p a r t s  of t h e  
f i l ler  ou t  of t h e  in su la t ion .  Furthermore, because of s l i g h t  
i r r e g u l a r i t i e s  IP t h e  w a l l  su r f ace  and t h e  in su la t ion ,  i t  is 
doubtful whether a u f f i c i e n t  adhesive would be  applied merely by 
dipping t h e  core i n t o  t h e  adhesive t o  prevent le.-ks between 
adjacent cells. 
One e f f e c t i v e  way t o  do 
The stttrciis used t o  apply adhesive t o  the  test specimens were 
made by bonding ind iv idua l  masks of 0.050-in. lbminated f l e x i b l e  
p l a s t i c  t o  a 16-meoh polypropylene screen. The masks were c u t  
t o  conform t o  t h e  :enera1 shape  of t h e  core  cells and were suf- 
f i c i e n t l y  undersized t o  produce f ixed-width adhesive l i n e s  t h a t  
followed t h e  pa t t e rn  of t h e  co re  ribbons. 
ness of t h e  mask and t h e  screen  cont ro l led  t h e  th ickness  of t h e  
adhesive t o  approximately 1/16 in.  
specimens demonstrated that a 1/16-in. l aye r  of adhesive was 
s u f f i c i e n t  to  prevent cel l  leakage. 
s c r i b e s  our method f o r  i n s t a l l i n g  t h e  in su la t ion  panels on t h e  
test specinens. This same method would be used i n  actual tank 
i n s  tal lat  ion. 
The combined thick- 
Our experience with the  test 
The following paragraph de- 
The s t e n c i l  IS positioned on t h e  tank wall with t h e  mask s i d e  
nearest t h e  w a l l ,  and t h e  adhesive is applied using a rubber 
spreader. A f t e r  applying t h e  adhesive, t h e  s t e n c i l  is removed 
ca re fu l ly  t o  avoid smearing t h e  adhesive. 
applied t o  t h e  w a l l  using adequate guide too l ing  t o  accura te ly  
pos i t i on  the  panels so t h a t  they r e g i s t e r  wi th  t h e  a p p l i d  ad- 
hesive. 
marks or l oca t ing  buttons t h a t  may be  temporarily o r  permanently 
bonded t o  t h e  tank w a l l .  
The core i s  then 
The guide t o o l  and t h e  s t e n c i l  both use comon index 
The core  node poin ts  must b e  properly posit ioned whi le  bonding t h e  
facesheet t o  provide c l o s e  r e g i s t r a t i o n  with the s t e n c i l e d  ad- 
hesive. 
spacer blades tha t  extend betwena p a i r s  of node bonds. Figure 
111-21 shows t h i s  concept being appl ied  t o  f a b r i c a t e  panels fo r  
&he 6- f t  t ank  i n r r u l a t d  under NAS3-14384. 
Our approach was t o  design t h e  panel assembly t o o l  with 
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We inves t iga ted  severa l  methods f o r  c leaning  t h e  various tank  wa l l  
materials. 
processes, t h e  following procedure w a s  s e l ec t ed  f o r  c leaning  t h e  
tank w a l l .  
As a r e s u l t  of tests using both chemical and mechanical 
1) Hand c lean  t o  remove p a i n t ,  grease,  and o the r  obvious con- 
taminants. 
2) Vapor degrease with t r ich lore thylene .  
3) Blast with new dry g r i t  abras ive .  
4) B l o w  o f f  dus t  with clean dry a i r  o r  n i t rogen .  
5 )  Verify c l ean l ines s  with water break o r  water drop spread test. 
The s i ze  and type  of g r i t  are not  believed critical. 
oxide and s i l i c a ,  i n  g r i t  s izes  fr6m 30 t o  60, appear t o  g ive  
equal ly  good r e s u l t s .  
Aluminum 
The a i r  o r  n i t rogen  must b e  v e r i f i e d  t o  b e  f r e e  of contaminants. 
This is accomplished by us ing  chemically cleaned aluminum test 
p l a t e s .  
minute while t h e  o ther ,  i d e n t i c a l l y  prepared p l a t e  is not  ex- 
posed. 
compared, and no d i f f e rence  should b e  noted. 
One of t h e  p l a t e s  is exposed t o  t h e  airstream f o r  1 
%e water-drop spread c h a r a c t e r i s t i c s  of t h e  two are then 
The above process is recommended f o r  c leaning  aluminum a l l o y s  and 
Inconel 718, and has been s a t i s f a c t o r i l y  used with seve ra l  test 
articles. In addi t ion ,  i t  appears app l i cab le  f o r  cleaning l a r g e  
tanks. 
Chemical cleaning methods were a l s o  evaluated, bu t  t hese  d id  not. 
s i g n i f i c a n t l y  improve t h e  q u a l i t y  of bonds t o  t h e  aluminum a l l o y s .  
For Inconel 718, w e  t r i e d  using a standard chemical c leaning  pro- 
cedure f o r  stainless steel, which included degreasing, a l k a l i n e  
cleaning, n i t r ic -hydrof luor ic  ac id  p ick l ing ,  pass iva t ing ,  and 
deoxidizing, but t h i s  method did no t  produce s a t i s f a c t o r y  r e s u l t s  
during t h e  water break test. 
Priming must b e  accomplished as soon as poss ib l e  a f t e r  t h e  tank  is 
cleaned. The s i l i c o n e  primer (Dow Corning 1200) can b e  success- 
f u l l y  applied by spraying, brushing, o r  wiping i t  on with a sa tu -  
ra ted  cheesecloth. Spraying appears t o  be the  method most app l i -  
cable to  l a rge  tanl's. 
t h a t  it is v i s i b l e  a f t e r  drying. 
A s u f i i c i e n t  amount should be  applied so 
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The i n s t a l l a t i o n  procedures described above a r e  being followed i n  
insulati.ig t h e  6-ft  aluminum test tank under Contract NAS3-14384. 
For t h i s  tank, ve plan t o  use t h e  s t e n c i l  only for applying t h e  
adhesive t o  t h e  c y l i n d r i c a l  panels. While cur ing t h e  adhesive, 
a l l  t h e  panels w i l l  be held i n  place by a vacuum bag f i t t e d  t o  
t h e  i n t e r i o r  of t h e  e n t i r e  tank. 
Qua l i ty  Control 
As present ly  envisioned €or boost-type hykrogen tanks,  t he  
c a p i l l a r y  i n t e r n a l  i n su la t ion  system w i l l  have from 40 t o  100 
cel ls  per square foot .  
cel ls  involved, q u a l i t y  cont ro l  procedures should minimize t h e  
need f o r  a cell-by-cell inspect ion.  
i n s u l a t i o n  panels and t h e i r  i n s t a l l a t i o n  would be  assured by 
process con t ro l  and only s p o t  inspect ions would b e  required.  
Because of t h e  l a r g e  number of i n s u l a t i o n  
Idea l ly ,  t h e  q u a l i t y  of t h e  
During the  development of design and too l ing  concepts and f a b r i -  
ca t ion  techniques, t he  tool ing,  equipment, and f a b r i c a t i o n  proce- 
dures w e r e  o f t e n  inadequate to ensure cons is ten t  q u a l i t y ,  and con- 
s ide rab le  rework and r e p a i r  was necessary. 
specimens, t he  i n i t i a l  inspect ion methods and criteria were not 
adequate t o  determine a l l  of t h e  de fec t s ,  and s a t i s f a c t o r y  r e p a j r  
methods were unavailable.  These d e f e c t s  were f requent ly  due t o  
incomplete bonding, excess adhesive, improper ce l l  shape, and in- 
adequate dimpling. 
t o  develop tool ing and methods f o r  achieving c o n s i s t e n t l y  high 
q u a l i t y  panels. The development t o o l s  that were used t o  f a b r i -  
cate test specimens d id  not total ly  achieve t h i s  goal, though 
they d i d  se rve  t o  v e r i f y  t h e  concepts. And s i n c e  t h e  i n s t a l l a -  
t i o n  methods t h a t  were chosen are based only on our l imited ex- 
perieaces with t h e  test specimens, they are subjec t  to f u t u r e  
v e r i f i c a t i o n  and improvement. 
For many of t h e  test 
As a r e s u l t ,  we conducted a n  extensive program 
The q u a l i t y  of t h e  i n s u l a t i o n  panel, was cont ro l led  pr imari ly  
by visual h s p e c t i o n s  at s i x  poin ts  +n t h e  f a b r i c a t i o n  sequence. 
These inspect ions were performed-- 
1) a f t e r  p r in t ing ,  assembling, trimming, ar.d postcuring t h e  un- 
expanded co re  panels; 
2) a f t e r  priming t h e  core panel and facesheet ;  
3) a f t e r  bonding t h e  facesheet  to  t h e  core; 
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8. 
To accomplish the test, the c e l l s  were pressurized from the open 
(wall)  s i d e  using a f l a t ,  s o f t  rubber s e a l  pad connected t o  the  
flowmeter by a hose. The n i t rogen  pressure w a s  regulated t o  2 
ps ig  with t h e  flow shut  off  a t  the  s e a l  pad. The pad was then 
pressed onto the  open s i d e  of t h e  cell and the  f lowrate  was noted. 
Leak rates below 0.01 s c f / h r  can b e  detected using t h i s  method. 
The same test w a s  used t o  check f o r  leaks after the panels had 
been ins ta l led .  In t h i s  case,  a smaller nozzle w a s  pressed t o  
the  facesheet  so as t o  cover one c e l l  a t  a time, allowing the  
cell  to  be i n t e r n a l l y  pressurized.  
t ec t ed  with the flowmeter were considered unacceptable. 
Leaks large ecaugh t o  be de- 
I n  addi t ion  t o  leak-checking t h e  cells, our p a s t i c - t a l l a t i o n  checks 
included v i s u a l  inspectfons t o  v e r i f y  t h e  placenent of the  panc-ls, 
t o  de tec t  unacceptable d i s t o r t i o n  of the c e l l s ,  and t o  ve r i fy  ab- 
sencc -€  voids i n  t h e  grout between the  panels.  
Bonding Techniques 
We performed a number of tests to eva lua te  var ious primers and 
curing techniques f o r  t h e  s i l i c o n e  adhesives,  and developed f ab r i -  
ca t ion  procedures t h a t  produced s a t i s f a c t o r y  r e s u l t s  f o r  both the 
350°F and 650°F i n su la t ion  systems. 
a. Core Node Bon&ng: RTV-156 - The R T V - L .  Li icone  adhesive 
proved to  be an exce l l en t  material. f o r  core  n>de bonding. 
c e r t a i n  pecularities were discovered i n  usipg t h i s  material with 
Kapton ribbons. 
However, 
A number of the Kapton pee l  test specimens, which were i n i t i a l l y  
fabr ica ted  using an adhesive thickness  of 0.003 to 0.005 t u . ,  
showed g rea t ly  reduced s t r eng th  when t e s t e d  at -320°F. The pee l  
s t r eng th  f o r  these specimms genera l ly  ranged from 0.5 t o  2 lb / in . ,  
campared with a minimrum value of 5 l b / i n .  at room temperature. 
However, a few of the specimens exh ib i t ed  h igher  p e e l  s t rengths-  
of 8 lblin. or more. 
creased a f t e r  periods of several weeks o r  s eve ra l  months. 
hesives  literature and discussions with General E l e c t r i c  personnel 
and other  exper t s  i n  the  f i e l d  did not  provide ready explanat ions 
o r  solutions for these  problems. 
In many instances t h e  pee l  s t r eng th  de- 
Ad- 
We discovered t h a t  t h e  bonds were highly s e n s i t i v e  t o  moisture. 
During p e e l  tests, c e r t a i n  aged specimens showed good bond 
s t r eng th ,  and f a i l u r e  occurred i n  t h e  adhesive. However, i f  cne 
breathed d i r e c t l y  on t h e  bond while a moderate p e e l  fo rce  w a s  
being appl ied ,  t h e  bond f a i l e d  rap id ly  a t  one of t h e  Kapton s u r -  
faces.  I n  o ther  specimens, debonding occurred when l i q u i d  water 
was applied t o  t h e  bond. 
t o  f a i l ,  even a f t e r  they were thoroughly soaked, they regained 
t h e i r  o r i g i n a l  s t r eng th  when allowed t o  dry.  
However, when t h e  bonds were not caused 
These r e s u l t s  i nd ica t e  t h a t  a highly so lub le  chemical bond is 
formed between t h e  Kapton and t h e  s i l i c o n e  adhesive under c e r t a i n  
conditions.  
presence of water a t  room temperature, i t  a l s o  lo ses  s t r eng th  a t  
-320'F. 
I n  genera l ,  when t h e  bond l o s e s  s t r eng th  i n  t h e  
The moisture-sensit ive bond, when i t  does occur,  seems t o  depend 
on t h e  thickness of t h e  adhesive layer. 
te red  when t h e  adhesive was th i cke r  than 0.020 in. ;  i n  f a c t ,  t h e  
average pee l  s t r e n g t h  o f  t h e  bond w a s  g r e a t l y  increased. 
when t h e  adhesive w a s  th inner  than 0.006 i n . ,  the  core bonds u l -  
t imate ly  l o s t  s t r eng th  t o  t h e  poin t  t h a t  they were damaged i n  
handling, even without b t i n g  exposed t o  moisture. 
No problem was encoun- 
However, 
To eliminate t h i s  problem, w e  increased t h e  thickness of t h e  
stencil from 0.010 t o  0.020 i n .  t o  i nc rease  t h e  thickness of t h e  
adhesive. When us ing  a s t e n c i l  t o  apply t h e  adhesive, t h e  prac- 
tical maximum appears t o  b e  about 0.015 in. ,  which is approxi- 
mately t h e  thickness achieved with t h e  0.020-in. s t e n c i l .  A t -  
tempts t o  f u r t h e r  i nc rease  t h e  thickness of t h e  adhesive r e su l t ed  
i n  spreading of t h e  bond. 
The problem of bond degradation when t h i n  adhesive s e c t i o n s  are 
used can a l s o  b e  eliminated by postcuring t h e  co re  assembly. 
an  i n i t i a l  experiment w i t h  a bond thickness of less than 0.010 in . ,  
a postcure a t  150'F f o r  4 h r  appeared t o  e l imina te  t h e  problem. 
However, t h i s  improvement proved temporary, and t h e  bond s t r e n g t h  
decreased a f t e r  several weeks. During subsequent experiments, w e  
a r r i v e d  at a postcure a t  450'F for 4 h r ,  which has proven satis- 
fac tory .  
In 
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Because of t h e  delayed response, i t  w a s  d i f f i c u l t  t o  judge the  
adequacy of t he  450° postcure treatment i n  improving t h e  bond. 
One method tha t  appears e f f e c t i v e  is t o  immerse a postcured 
specimen i n  bo i l ing  water f o r  varying periods and then immedi- 
ately measure t h e  pee l  s t r eng th .  By immersing t h e  specimens i n  
b o i l i n g  water fo r  per iods as s h o r t  as 30 minutes, we have been a b l e  
t o  d i f f e r e n t i a t e  between cure  cyc les  f o r  specimens t h a t  had a l l  
previously survived a 16-hr water soak with no apparent l o s s  of 
s t r eng th .  
water test and been aged f o r  s e v e r a l  months without l o s ing  bond 
s t rength .  Consequently, t h i s  cure  cycle  w a s  incorporated i n t o  
t h e  f ab r i ca t ion  process.  
Specimens cured a t  450°F have survived the  b o i l i n g  
After our  i n i t i a l  experiments with RTV-156 core node bonds showed 
erratic p e e l  test r e s u l t s ,  w e  experimented with a process wherein 
t h e  Kapton ribbons were soaked i c  water f o r  12 h r  and wiped dry 
wi th in  30 minutes of applying t h e  adnesive. This  reduced curing 
time and seems t o  produce a higher  and more cons i s t en t  p e e l  
s t r eng th .  The e f f e c t  of soaking is  re l a t ed  t o  t h e  f a c t  t h a t  t he  
adhesive must absorb moisture t o  cure.  Although soaking w a s  not 
recommended by t h e  adhesive manufacturer, o a r  i nves t iga t ions  
v e r i f i e d  t h a t  i t  had no r e l a t i o n  t o  any of t h e  bonding problems 
(i.e., t h e  moisture-sensi t ive bond) discussed above, and i t  was 
incorporated i n t o  t h e  f a b r i c a t i o n  procedure. 
b. Facesheet Bonding: hTV-560 - To evalua te  t h e  RTV-560 adhesive 
f o r  facesheet  bonding, w e  fabr ica ted  a series of tubular  specimens, 
approximately 2 in.  i n  diameter ,  using e i t h e r  Kapton o r  Nomex f o r  
t h e  cy l inder ,  2-mil Teflon f o r  t h e  faceshee t ,  and General E l e c t r i c  
SS 4004 and SS 4155 primers. 
evaluated by i n t e r n a l l y  pressur iz ing  t h e  tube. 
and 111-28 show typ ica l  specimens before  and a f t e r  t h e  test. 
The completed tube  specimens were 
Figures  111-27 
Bond f a i l u r e s  were experienced in some of t hese  specimens. 
problem was  later recognized as being due t o  inadequate cur ing of 
the s i l i c o n e  p r imer .  
inadequately cured primer were detected r ead i ly ,  s ince  the face- 
shee t s  were debonded with only a neg l ig ib l e  p u l l  fo rce ,  
i n  these defec t ive  specimens, no adhesive fa i lures  occurred, 
This 
The specimens which were de fec t ive  due t o  
Except 
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The length of t h e  bond f o r  these specimens was 6 314 i n ,  
f a i lu re s  occurred within the  adhesive.  Therefore,  the minimum 
bond ten;ion s t r eng th  t h a t  was obtained was 5.3 l b  per inch of 
ribbon a t  350°F and 6.3 l b  per inch a t  room temperature. 
All 
The RTV-9811 was csed with the RTV-560 f o r  core-to-metal bonding. 
RTV-9811 i s  a thick-sect ion curing agent t h a t  is advert ised t o  
be  independent of ambient humidity, and the re fo re  does not re- 
qui re  exposure t o  air. Although t h e  bonding of prefabricated 
panels t o  t h e  tank  wall does not  requi re  th ick  sec t ions  of 
RTV-560 ( i n  excess of 1/16 in.)  t h e  adhesive has  only l imi ted  
exposure t o  ambient a i r  because of t h e  enclosed loca t ion  of 
t h e  bond. 
control led t o  a low l e v e l  f o r  o the r  reasons.  
Also, t he  ambient humidity may b e  inherent ly  low or b e  
Our experience with t h e  KTV-9811 curing agent ind ica ted  t h a t  t h e  
cure time f o r  t h i n  sec t ions  with l a rge  sur face  area was g rea t ly  
increased by a low r e l a t i v e  humidity environment ( l e s s  than 15%). 
For bonding the insulat!.on t o  the  tank wall ,  we mixed the RTV-560 
and the RTV-9811 curing agent with 1% by weight of Cab-0-Si1 t o  
give the adhesive the proper v i scos i ty .  This  combiration was used 
i n  preparing severa l  t es t  specimens, including those f o r  t h e  alu-  
minum dome, the  Inconel dome, and t h e  c i r c u l a r  calorimeter. Since 
t h e  i n i t i a l  speciments which contained Cab-0-Si1 requixed very 
long CUI 1 times, w e  conducted a series of tests with combinations 
of cur ing agents  t o  f ind  ways t o  speed up t h e  cur ing  process.  
The combination of curing agents w e  s e l ec t ed  f o r  i n s t a l l i n g  t h e  
in su la t ion  was 5% KTV-9811 with 0.25% d ibu ty l  t i n  d i l a u r a t e .  
reduced the  curing t i m e  t o  an acceptable  value,  and t h e  adhesive 
achieved a s a t i s f a c t o r y  s t r eng th  i n  16 hr .  
w a s  used t o  formulate t h e  grout compound. 
This  
This same combination 
d. 
for use with t h e  RTV-560 s i l i c o n e  adhesive: 
P r i m e r  Selection for RTV-560 - Three primers were eva lus  ed 
1) General Electric SS 4004; 
2) Ceneral Electric SS 4155; 
3) Dow Corning DC-1200. 
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In specimens prepared using each of t h e  t h r e e  primers, bond f a i l -  
ures occurred wi th in  t h e  adnesive, r a the r  thar! a t  t h e  primed s u r -  
face.  
Since t h e  SS 4155 primer forms a chalky l aye r  t h a t  can be  wiped 
off during handling, w e  eliminated i t  from f u r t h e r  cor-sideration. 
Both t h e  SS 4004 and t h e  DC-1200 pr imers  were acceptab le  f o r  
core-to-facesheet bonding (with both Teflon and Kapton face- 
shee ts )  and f o r  core-to-metal bonding. 
t ha t  t h e  SS 4004 primer of fe red  advantages over t h e  DC-1200 
primer .  
cep tab le ,  and t h a t  t h e  differencra- voted were due t o  v a r i a t i o n s  
in our a p p l i c a t i o n  ana primer iiiques. Primarily be- 
I ;Ita ..- .A t h  t h e  DC-1200 
primer,  i t  was se l ec t ed  f o r  bc th  t .  Y . ;C ,id 650'F system. 
Using t h i s  pr imer ,  w e  have fwmd Lhat sur faces  can be  
s to red  f o r  up t o  10 weeks wit;!cut + rnp .~  . : t h e  e f f e c t  sness  
of t h e  primer. 
I n i t i a l l y ,  we believed 
Later experience ind ica ted  t h a t  both were equally ac- 
cause of g r e a t e r  experience a. 
Af te r  t h e  RTV-560 s i l i c o n e  adhts ive  '.ad performed s a t i s f a c t o r i l y  
i n  numerous t L b L s ,  s e v e r a l  unexp la ind  bonding f a i l v - e s  occurred. 
I n  a hi&;.  percentage of cases,  t he  adhesive t o t a l l ;  i a i l e d  t o  
bond t o  Kapton and Teflon, even though the re  had been no apparent 
change i n  t h e  materials o r  bonding procedurss. 
ga t ion  revealed t h a t  t h e  f a i l u r e s  pr imar i ly  r e su l t ed  f r m  inade- 
qua te  cur ing  of t h e  s i l i c o n e  primers due t o  t h e  low humidity. 
In tens ive  i n v e s t i -  
Although vendor literature, Martin Marietta procedures f o r  t h e  
use  of s i l i c o n e  adhesives,  and l o c a l  experts a l l  recommended 
increased cur ing  times f o r  low r e l a t i v e  humidity, t hese  recom- 
mendations proved inadequate f o r  t h e  b. low-lO% r e l a t i v e  humidity 
condi t ions  tha t  w e  encountered. 
To s o l v e  t h i s  problem, a 20-ft by 20-ft enc losure  was b u i l t  i n  
t h e  work area and equipped with humidi f ie rs  (see Fig.  111-30). 
This humidity room provided a r e l a t i v e  humidity of 40 t o  60% a t  
a l l  rimes except weekends, when t h e  humidifiers were not  operat-  
ing.  All primer cur ing  and bonding opera t ions  were subsequently 
performed I n  t h e  h;rmidity room. 
111-43 



D. KEPAIR TECHNIQUES 
I n  f a b r i c a t i n g  i n s u l a t i o n  panels and test specimens, w e  developed 
repair procedures t o  c o r r e c t  for s e v e r a l  types of damage and de- 
f e c t s  t h a t  were enzountered during t h i s  program. These are de- 
scr ibed i n  t h e  following paragraphs, and apply general ly  to t h e  
Kapton, Teflon, and s i l i c o n e  adhesive aiaterials, 
The leost conanon problem w e  encountered was one of s k i p s  i n  t h e  
facesheet-to-core bond, or very t h i n  spots i n  t h i s  bond, which 
appear to b e  p o t e n t i a l  leak points.  
by manually applying a t h i n  bead of  adhesive over t h e  defec t  
area, genera l ly  on both s i d e s  of t h e  ribbon. 
pl ished by using a narrow s p a t u l a  or a hypodermic syr inge with 
a 16-gage needle,  f i l l e d  wi th  RTV-560 adhesive d i l u t e d  a -proxi -  
mately 5 to 10% with General Electric RTV-910 thinner .  In e i t h e r  
case, care must be  taken t o  prevent excessive adhesive from bui ld-  
ing up and/or prevent spreading t h e  adhesive over a l a r g e r  area 
of the facesheet  than is desirable. 
These are read i ly  r e p a i r t d  
This  can b e  accom- 
I n  some instances ,  we found chat  ce l l s  on t h e  perimeter of t h e  
panel were distorted because of improper f i t t i n g  of t h e  core  t o  
t h e  a s s d l y  rake o r  because of inac-bracies  in t h e  tooling. 
These cells hawe been successfu l ly  repaired using t h e  following 
procedure. The facesheet  w a s  f i r s t  deborded from t h e  core over  
t h e  d i s t o r t e d  area by f a i l i n g  t h e  adhesive. 
proper size and shape was then inserted i n t o  t h e  ceL to  hold 
t h e  ribbon to  t h e  proper contour,  and adhesiv,: w a s  appl ied on 
t h e  outs ide  of t h e  cell  at t h e  facesheet-core i n t e r s e c t i o n  using 
a s p a t u l a  or syringe. 
template w a s  removed and t h e  bond w a s  completed on t h e  i n s i d e  
i n t e r s e c t i o n  of t h e  core and facesheet.  An extraneous l i n e  of 
adhesive w i l l  remaLn on t h e  facesheet  after this r e p a i r  is com- 
pleted.  HJwe*-er, no r e s u l t i n g  problem i n  subsequently dimpling 
t h e  facesheet  has  been experienced. 
show a d i s t o r t e d  cell  before  and after being repaired.  
A template of t h e  
After  t h i s  f i r s t  adhe. '-:e cured, t h e  
Figures 111-33 and 111-34 
I n  a very few cases, t a r s  occurred i n  t h e  Kapton core ribbon, 
beginning from t h e  open o r  w a l l  s f d e  of t h e  prefabr ica ted  panel.  
These tears have been repa i red  by bonding a small Kapton patch 
over t h e  tear using RTV-156 adhesive. 

These patches can b e  c u t  from facesheets  t h a t  had been removed 
from re j ec t ed  panels a f t e r  t h e  dimpling operat ion was completed. 
No d i f f i c u l t y  w a s  experienced because of t h e  RTV-560 t h a t  re- 
mained on t h e  Teflon. 
Small holes  i n  t h e  facesheet can b e  repaired by bonding a small 
Teflon patch over them, using e i t h e r  RTV-156 o r  RTV-560. This 
method should b e  l imi ted  t o  cases where t h e  patched area is a 
very small p a r t  of t h e  ce l l ,  and where t h e  patch w i l l  not pre-  
vent s a t i s f a c t o r y  dimpling. 
I n  trimming away ti.+ excess facesheet around t h e  perimeter of  
t h e  cel l ,  t h e  facesheet and adhesive w i l l  occasional ly  be  com- 
p l e t e l y  removed up to  t h e  ou te r  edge o f  t h e  Kapton ribbon i n  
small areas. 
t h e  cell,  s i n c e  t h e  bond w i l l  b e  complete on t h e  opposi te  s i d e  
of t h e  ribbon. Such overtr ixned s p o t s  are considered p o t e n t i a l  
leak points ,  however, and are repaired by applying a t h i n  l aye r  
of RTV-560 adhesive so t h a t  i t  overlaps t h e  Kapton-Tef lon i n t e r -  
sect ion. 
This  does not  i n  i t s e l f  a f f e c t  t h e  i n t e g r i t y  of  
The above repairs apply t o  i n s u l a t i o n  panr l s  t h a t  have not y e t  
been i n s t a l l e d  on a tank w a l l .  I n  genera?.. they also can b e  
used t o  repair damage t h a t  may occur after i n s t a l l a t i o n .  For 
damage to  l a rge  areas, however, our recommended method is t o  
completely remove t h e  damaged area, c a r e f u l l y  trimming t h e  face- 
sheet t o  t h e  boundary of t h e  remaining cells.  A s p e c i a l  panel 
m u s t  then b e  fabricated.  
b u t  can be bonded i n  place and grouted i n  t h e  standard manner. 
This panel w i l l  b e  s l i g h t l y  undersized, 
IV. INSULATION QYSTEM EVALUATION 
To eva lua te  materials f o r  t h e  350'F and 650°F i n s u l a t i o n  systems, 
i n s u l a t i o n  specimens were fabr ica ted  with t h e  materials s y s t e m s  
discussed i n  Chapter 11 and subjected to  thermal shock tests, 
thermal conduct ivi ty  tests, and dome cycl ing tests. An insula- 
t i o n  thickaess  of 1 ic. w a s  chosen f o r  a l l  specimens as being 
t y p i c a l  f o r  a reusable  booster  hydrogen tank. 
s e n t s  test r e s u l t s  for t h e  selected materials systems. Resul ts  
f o r  earlier candidate  systems are contained i n  Appendix A. 
This  chapter  pre- 
A. THERMAL SHOCK TESTS 
The thermal shock test specimens were fabr ica ted  by bonding a 
12-in. by 12-in. i n s u l a t i o n  panel t o  the  appropr ia te  tank metal. 
For t h e  3SO"F materials, t h e  i n s u l a t i o n  was bonded t o  a 0.090-in.- 
t h i c k  p l a t e  of 2219 aluminum a l loy .  
i n s u l a t i o n  was bonded e i t h e r  to  a 0.052-in. 6All-4V ANL t i tanium 
a l l o y  or a 0.050-in.-thick Inconel 7i8 p l a t e .  The edges of t h e  
metal p l a t e s  were reinforced with 1-in. aluminum or  s t a i n l e s s  
steel angles t o  pcevent excessive warping. 
For t h e  650°F materials, the  
The thermal shock test f i x t u r e  is shown i n  Fig. IV-1. 
s i d e  of t h e  specimens w a s  heated t .  e i t h e r  350°F or 650'F with 
an electric r ad ian t  hea t e r ,  arid then t h e  hea ter  w a s  deenergized 
and t h e  i n s u l a t i o n  w a s  immersed i n  l i q u i d  
1/4 t o  1/2 in .  
t o  uear ambient temperature. The test  f i x t u r e  was designed f o r  
automatic f i l l i n g  and automatic cycling, and could cycle  two 
12-in.-square specimens simultaneously. 
The metal 
trogen t o  a depth of 
The cycle w a s  repeated a f t e r  t h e  metal p l a t e  cooled 
The c o s t  of equipment f o r  performing thes;? tests with l i q u i d  hy- 
drogen WP 1 not considered j u s t i f i e d .  
1. 350°F Insu la t ion  System 
lbo thermal shock specimens, shown i n  Fig. IV-2, were fabr ica ted  
using t h e  350°F (350-111) i n s u l a t i o n  system. In each specimen, 
t he  facesheet  w a s  removed from th ree  or more cells,  end these  
cells  were repaired using t h e  method described i n  Sect ion 111-D. 
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2. 
mie specimens were then i n s t a l l e d  i n  the  thermal shock test fix- 
ture ,  and t h e  aluminum p l a t e s  were cyc!ed between 70 and 350°F 
308 times. No problems were apparent during t h e  t es t  although 
there  w a s  a considerabie buildup of f r o s t  on t h e  facesheets .  
the thermal cycles  were completed, one of t h e  panels was found to  
have t h r e e  t e a r s  o r  c u t s  i n  the  facesheet .  Two of t h e  t e a r s  ap- 
peared t o  be  due t o  thermal stresses, as i f  t h e  Teflon had been 
inadequately dimpled. The dimple depth f o r  these ce l l s  w a s  n o t  
not iceably less than f o r  o ther  cells in t h e  panel;  however, the 
depth of a l l  the dimples f o r  both panels w a s  s l i g h t l y  less than 
normal. This reduced dimple depth was  due to  the f a c t  t h a t  t h e  
i n s u l a t i o n  specimens had been fabr ica ted  using tool ing  f o r  panels 
to  f i t  a 6-ft-diameter cyl inder ,  and when i n s t a l l e d  on a f l a t  
panel, t h e  facesheet  was elcngated. The t h i r d  hole  in t h e  face- 
shee t  appeared t o  b e  a c u t  a t  t h e  core ribbon, and could have been 
caused by ce l l  pressur iza t ion  due to the c a p i l l a r y  opening being 
plugged wi th  ice. 
After  
HU other  damage had occurred t o  t h i s  specimen, and none w a s  found 
i n  the other  s p e c m a .  
thermal cycling, and no debonds occurred in  the core-to-metal 
adhesive. 
A l l  the  facesheet  patches survived the 
650°F System 
Two 65OoF i n s u l a t i o n  specimens (650-11 system) were bonded t o  
Inconel 718 p l a t e s  and subjected t o  196 thermal shock cycles.  
Inconel s i d e s  of t h e  specimens were cycled between 90'F and 640'F 
i n  t he  automatic thermal shock cycl ing f i x t u r e .  
The 
When the  temperature of t h e  c m t r o l  panel  reached 640°F, t h e  heat- 
ers were turned ofZ and t h e  facesheet  side of t h e  i n s u l a t i o n  was 
immediately immersed i n  l i q u i d  ni t rogen a depth of 1 /4  t o  l / 2  
in .  u n t i l  t h e  p l a t e  cooled t o  90'F. The to ta l  cyc le  t i m e  was 
12 minutes (5 cyc le s  per  hour): 2 minutes were required t o  hea t  
t h e  metal from 90'F t o  640'F, and i t  took 10 minutes t o  cool  
t h e  p l a t e  from 640'F to 90°F. 
A t  t h e  peak temperature, t n e  cen te r s  of t h e  12-in.-square Inconel 
p l a t e s  were d i s t o r t e d  i n  excess of 0.25 i n .  ( i n  t h e  d i r e c t i o n  of 
t h e  facesheet)  from t h e i r  o r i g i n a l  planes.  This produced much 
g r e a t e r  d i s t o r t i o n  of t h e  in su la t ion  specimens than would be en- 
countered i n  an insu la ted  tank. 
A few core-to-metal adhesive f a i l u r e s  occurred a t  t h e  p o i n t s  where 
t h e  d i s t o r t i o n  produced high stress. 
these f a i l u r e s  occurred only i n  areas where the  core  was  embedded 
in t he  adhesive less than the  intended 1/16-in. 
curred t o  the  faceshee ts  o r  t o  t h e  facesheet  o r  core node bonds. 
Inspect ions revealed t h a t  
No damage oc- 
IV-3 
B. 
The two rhern!sl shock specimens are shown i n  F i g .  IV-3. One 
specimen was f ab r i ca t ed  from four- s epa ra t e  p a n e l s  t o  evaluate 
the  resistance of t he  nested grout j o i n t  t o  thermal shock. There 
was no apparent degradation o r  failure of the joints, and the  
appearance of bo th  panels was unchanged af ter  Ldsting. 
T H E W  COMDUCTIVITY TESTS 
During these  tests, the thermal conduct ivi ty  of the  i n r i l a t i o n  
sys tem was determined as a func t ion  of w a l l  temperature. 
s ided ,  guarded, f l a t - p l a t e  calor imeter  was used. I d e n t i c a l  in- 
s u l a t i o n  specimens were bonded t o  each s i d e  of a primary and 
guard hea ter  assembly, and the  in su la t ed  calor imeter  was submerged 
in l i q u i d  hydrogen. 
A double- 
The construct ion of t he  hea ter  assembly is i l l u s t r a t e d  i n  Fig. 
IV-4. 
w i r e  i n  s i l i c o n e  adhesive to form a t h i n ,  f l a t  assembly, bonding 
p l a t e s  and r ings  of 6061 aluminum t o  each s i d e  of t h i s  assembly, 
again using t h e  RTV-560, and f i n a l l y  cas t ing  an add i t iona l  r i ng  
of s i l icone, .  ou ts ide  the  guard r ings .  This ou te r  r i n g  i s o l a t e s  
t he  guard heater from t h e  l i q u i d  cryogen and pe rmi t s  t h e  insula-  
t i o n  panels t o  extend beyond t h e  guard hea ter .  Thermocouples were 
i n s c a h e d  or. t h e  four  aluminum places  and r ings ,  and thermopiles 
were i n s t a l l e d  5etween t h e  primary p l a t e s  and guard r ings  on each 
s ide .  
These u n i t s  were f ab r i ca t ed  by po t t ing  g r i d s  of r e s i s t ance  
The primary heater  w a s  8 in .  i n  diameter,  t h e  guard hea te r  had 
an OD of 14 in., and the  c m p l e t e  assembly w a s  17 in .  i n  diameter. 
Figure IV-5 shows the  calor imeter  assembly p r i o r  to i n s t a l l i n g  
the  in su la t ion  panels. 
"he double-sided, f l a t -p l a t e  calor izmter  described above replaced 
a square calor imeter  assembly; which is descr ibed i n  Appendix A. 
Modifications that were d e  to  t h i s  earlier device to  prevent 
exccess h a t  t r a n s f e r  from t h e  p a r d  beater t o  t he  cryogen increased 
its overall dimeneiona t o  the  poin t  where i t  could not  be i n s t a l l e d  
h o r i a n t a l l y  i n  t h e  test dewar. 
The thermal cenduct ivi ty  taets were conducted using a method elmi- 
k t o  that described iq ASm Standard Method C-177. 
hated d o r i m a t e x  assembly wd6 i n s t a l l e d  in the dewar by eurpcmd- 
The calor imeter  w a s  i n s t a l l e d  
both ho t i son ta l ly  and vcrrt icdy to  evaluate eheb e f f e c t  of the 
orieatatba with respect to  gravity an the performance of t h e  
iasukatloa, 
The inru- 
i t  from the cover assembly. 



The dashed por t ion  of t he  curve has been ex t rapola ted  beyond the  
d a t a  given i n  the  reference.  The curve f o r  t h e  thermal conduc- 
t i v i t y  of hydrogen represents  t he  t h e o r e t i c a l  lowar l i ~ L t ,  or 
bes t  poss ib le  performance, f o r  the c a p i l l a r y  i n t e r n a l  insu1atio.i 
sys  tern. 
The curve for  the  previous test with the -.;O-II system follows 
the  s lope  of the  hydrogen conduct ivi ty  curve more c lose ly  than 
t h a t  f o r  t he  350-111 system. This is due t o  the  d i f f e rence  i n  
f i l l e r  material. At  the  higher  temperatures,  he-b t r a n s f e r  by 
r ad ia t ion  becomes s i g n i f i c a n t  f o r  t h e  350-111 sy-. 
nonopacified f i l l e r  material. However, f o r  temperatures betwzen 
350"R and 400°R, which might be expected during a ground hold, 
the  two systems are approximately equivalent  and have thermal 
conduct iv i t ies  from 27 t o  38% greater than t h a t  f o r  gaseous hy- 
drogen. 
with ti10 
dsing a wall temperature of 530°Y. [7O0F), and assuming an average 
dens i ty  f o r  l-in.-thick i n s t a l l e d  in su la t ion  the  product of dcn- 
s i t y  2nd thermal conduct ivi ty  rangeb from 0.305 t o  0.357 Btu--lb/ 
hr-f t4-*I;. 
zv-8 
C. lroht CYCLING TESTS 
Doate cyc l ing  tests were performed t o  eva lua te  the  a b i l i t y  of in- 
s u l a t i o n  f ab r i ca t ed  from var ious  materials s y s t e s s  t o  withstand 
temperature and pressure  cyc les  when i n s t a l l e d  as p a r t  of a hy- 
droges tank. The se tup  f o r  t hese  tests is shown i n  Fig. IV-8. 
The i n s u l a t i o n  vas bonded t o  t h e  i n s i d e  of a 19- in .a iameter  metal 
dome and i n s t a l l e d  at t h e  b o t t o m  of t h e  dome cyc l ing  test f i x t u r e  
(see Fig. IV-9). After being purged with helium, the  chamber w a s  
f i l l e d  w i t h  l i q u i d  hydrogen and pressur ized  ( t o  e i t h e r  35 o r  45 
ps ig) .  The dome was then heated using external r a d i a n t  hea te r s  
t o  e i t h e r  350°F o r  650°F. After t h e  doae reached the  des i r ed  
temperature, the  hea te r s  were turned o f f  and the  pressure  w a s  
re leased  t o  ambient. 
p ressure  and temperature to t h e  opera t ing  p res su re  and temperature 
( e i t h e r  350°F o r  650°F). 
The dome was cycled repea ted ly  from ambient 
The b a r r e l  of t h e  dome cyc le  test f i x t u r e  w a s  i n su la t ed  wi th  a low- 
teslperature materials system. 
was f ab r i ca t ed  from Nosex core, Teflon faceshee t ,  polyurethane 
adhesives, and polystyrene f i l l e r .  It survived q u i t e  well and 
continued t o  serve t h e  purpose of reducing hydrogen usage through- 
o u t  the  test program. 
This c a p i l l a r y  i n t e r n a l  i n s u l a t i o n  
For the  350°F i n s u l a t i o n  system, we used a 2219 alimunum a l l o y  dome. 
A 0.052-in. titanium (6AE-4V ANL) dome w a s  used f o r  t h e  i n i t i a l  
650°F i n s u l a t i o n  system; r e s u l t s  of test wi th  t h i s  dome are pre- 
sented i n  Appendix A (650-1 system), along wi th  r e s u l t s  of dome 
cyc le  tests f o r  t h e  350-1 and 350-11 systems. 
718 dome w a s  used t o  eva lua te  t h e  650-11 s i l i c o n e  adhesive system. 
An 0.050-in. I n c o n d  
The dames used i n  these  tests were explosively formed a t  our High- 
Energy F o r s i i ~ g  F a c i l i t y .  
t o  a thickness of 0.032 in .  
to  a s a f e t y  f a c t o r  of only 1.8, based on its y i e l d  s t r e n g t h  at 
350°F, when t h e  pressure  w a s  45 psig. 
The aluminum dome was chemically milled 
This r e s u l t e d  i n  s t r e s s i n g  t h e  dome 
Because of t n e  inadequate pressure  c a p a b i l i t y  of t h e  test f i x t u r e  
and t h e  higher y i e l d  s t r e n g t h s  of t i t an ium and Inconel 718, we 
were unable t o  achieve t h i s  1.8 s a f e t y  f a c t o r  when p res su r i z ing  
the  o the r  domes. 
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1. 350°F Aluminum Dome 
The aluminum dome w a s  insu la ted  with t h e  350-111 system using the 
fabr ica t ion  method described i n  Chapter 111. The design ot t h i s  
specimen w a s  based on t he  r a d i a t i n g  ribbon concept, and two semi- 
c i r c u l a r  panels w e r e  fabr ica ted  f o r  it. 
To evaluate  t h e  s t e n c i l  adhesive appl ica t ion  technique, w e  in- 
s t a l l e d  one of t h e  panels by applying adhesive continuously t o  
t h e  dome sec t ion ,  and i n s t a l l e d  t h e  o ther  panel by using t h e  
s t e n c i l  to  apply t h e  adhesive. Af te r  f ab r i ca t ion ,  w e  found t h a t  
s eve ra l  p a i r s  of cells were interconnected. I n  such cases, w e  
sea led  the  opening i n  t h e  facesheet  f o r  one of t h e  cells .  
This dome specimen w a s  then i n s t a l l e d  at t h e  bottom of t h e  test  
vessel .  After pressure purging t h e  v e s s e l  with helium, i t  w a s  
f i l l e d  with l i q u i d  hydrogen at a maximum rate with no delay for  
cooldown. 
of approximately 20 p s i  per  minute. 
t h e  ex terna l  r ad ian t  heater ,  and wdnta ined  u n t i l  t h e  thermocouple 
near t h e  center  of t h e  dome reached 350°F. Heater power was then 
turned o f f ,  and t h e  pressure w a s  re leased at approximately 20 p s i  
per  minute. The next cyc le  was i n i t i a t e d  by r e f i l l i n g  t h e  vesse l  
with l i q u i d  hydrogen. 
The pressure was then increased t o  35 psig* a t  a rate 
Power was then appl ied t o  
The dome specimen w a s  subjected t o  23 cyc le s  before  i t  was removed, 
inspected, and found t o  have f a i l e d .  F a i l u r e  occurred when t h e  
in su la t ion  debonded from t h e  dome over approximately 75% of &he 
total  area. No damage had occurred t o  t h e  Teflon facesheet  or 
t o  t h e  s i l i c o n e  adhesive bond between t h e  facesheet  and t h e  Kapton 
core. 
perimeter. This damage w a s  adjacent  to several areas where a n  
excess of adhesive had accumulated, but may have occurred while 
i n s t a l l i n g  the dome i n  t h e  test f i x t u r e .  
(made with RTV-156 adhesive) had remained intact  except f o r  small 
areas of peel  f a i l u r e  t h a t  had occurred in conjunction with the  
debonding a t  t h e  metal in t e r f ace .  
j o i n t  had remained i n t a c t .  
However, some damage had occurred to  t h e  co re  a t  t h e  o u t e r  
The core node bonds 
The RTV-560/Ca3d-Sil grout  
------_-_--_-_------__________I_________~--~------------------ 
*This test was conducted a t  35 psig,  i n s t ead  of t h e  45 peig t h a t  
had been used i n  previous tests because we f e l t  t he  aluminum dome 
might have been weakened by t h e  repeated cleaning of previous 
candidate adhesives from the  dome. 
IV-11 



The dome w a s  i n s t a l l e d  i n  the  dome cyc le  f i x t u r e  and the  test 
vesse l  was purged with helium. 
were accomplished by (1) f i l l i n g  the  ves se l  with l i q u i d  hydrogen, 
(2) applying power t o  the  ex te rna l  hea t e r  t o  raise the  dome t e m -  
pera ture  t o  650"F, (3) holding the  dome temperature a t  650'F 
while increasing the  i n t e r n a l  pressure t o  45 ps ig ,  and (4) de- 
energizing the  hea ter  and venting t h e  pressure.  The cyc le  w a s  
repeated a f t e r  the  dome had reached ambient temperature o r  below. 
Temperature and pressure  cyc les  
During the  e ighteenth  cycle, che temperature measurements ind ica ted  
an in su la t ion  f a i l u r e  at the  center  of t h e  dome. The tests were 
stopped a f t e r  t he  nineteenth cyc le  w a s  comple-ed. 
inspection of t he  specimen revealed t h a t  t h e  facesheet had to rn  
i n  and near t he  center  star cell. It was r e a d i l y  apparent t h a t  
these  tears had propagated from breaks i n  the  grouting between 
the  panel. These breaks had occurred at t h r e e  p laces  where t h e  
j o i n t  w a s  still very narrow, but near extremely wide sec t ions  of 
grout. (This condition would not occur in an a c t u a l  tank i n s t a l -  
l a t i o n ,  where more adequate design and too l ing  are provided.) 
No o the r  damage t o  the  in su la t ion  w a s  found. 
A p o s t t e s t  
IV-19 
V. CONCLUSIONS 
The capillary gas-layer internal insulation concept developed on 
this program can be applied to reusable-booster liquid hydrogen 
tanks that will repeatedly experience high temperatures due to 
reentry heating. 
strated to be suitable for repeated exposure to tank wall tempera- 
tures of 350°F and 650°F in a hydrogen environment. 
design concepts were selected, de:reloped, and demonstrated in 
tests on small specimens. 
Materials systems have been selected and demon- 
Insulation 
The thermal conductivity of the insulation system was measured for 
various wall temperatures using liquid hydrogen as the operating 
fluid. The system's performance as thermal insulation was found 
to be near the expected range, and totally adequate for the liquid 
hydrogen boost tank application. 
mens demonstrated the capability of the insulation to withstand 
repeated thermal shock and combined temperature and pressure cy- 
cling. 
System tests using small speci- 
System design and fabrication processes were evolved to a consid- 
erable extent on the basis of failures experienced in system tests. 
This development cycle demonstrated that the insulation could sur- 
vive the extreme operating environments and maintain satisfactory 
performance, even when made of relatively weak materiale, so long 
as the necessary design and fabrication requirements were met. 
However, certain design and fabrication deficiencies were 2 :enti- 
fled that could CQUE* failure in the insulation system. The de- 
sign criteria, tooLus concepts, fabrication methods, and quality 
requirements that were developed have eliminated these failures, 
and when applied to the insulation of large tanks should result 
in insulation syetems with clnsistantly predictable performance, 
long life, and high reliabilrtv. 
Although a wide variety of materials was initially investigated, 
the materiale finally selected for the 350°F and the 650'F insula- 
tion systems differed only in the film used for the facesheet. 
Initially, dlfficulty was experienced in satisfactorily dimpling 
the Kapton facesheet used in the high-temperature systems and 
Teflon was selected for the facesheet for the lower-temperature 
insulation, 
completely acceptable method for dimpling the Kapton facesheet. 
Since the 1 4 1  Kapton faceerheet is significantly lighter than the 
2apil Teflon facesheet, it might prove to be a better choice for 
35OOF applicat I ons . 
Only near the end of the program did we develop a 
v-1 
It is difficult to accurately project the cost of fabricating and 
installing the capillary internal insulation system on the basis  
of the small-scale specimens that were fabricated during this pro- 
gram. Our experience indicates that the cost of materials for the 
selected systems, including installaLion materials, will be in the 
range of $3.50 to $4.00 per square foot €or a thickness of 1 in. 
The direct labor required for panel prefabzication should be 1.25 
hr or less, and panel installation should require no more than 0.5 
hr per square foot. 
The weight of the system is approximately 113 lb per squarr foct 
of installed insulation for a 1-in. thickness, or 4 lb/ft3. Since 
about 2/3 of the weight is in the facesheet assembly and the in- 
stallation adhesive, the insulation density would decrease for in- 
creased thickness, and would increase if less than 1 in. were used. 
The 350'F insulation system, along with design and fabrication 
data that were developed on this program art? being used to insulate 
a 6-ft-diameter by approximately 7-ft-high aluminum tank under 
Contract NAS3-14304, Intern2 Insulation System Deve Zopment, €or 
NASA's Lewis Research Center. 
uid hydrogen and will be subjected to thermal cycling to a tempera- 
ture of 350'F. 
the insulacion and its ability to withstand the high-temperature 
environment when applied as a complete system. Additional effort 
that will be required to apply this insulation system t o  space 
vehicles will include developing high-quantity production tooling 
and procedure, and testing insulation produced In quantity when 
installed in larger test tanks. 
This tank will be tested with liq- 
These tests will demonstrate the performance of 
v-2 
APPENDIX A 
ADDITIONAL TEST DATA 
A. 
1. 
I n  addi t ion  to  the adhesive systems discussed i n  Chapter 11'. 
a l s o  evaluated s e v e r a l  o ther  systems on the b a s i s  of matat.. . ~ b  
t e s t i n g  r e s u l t s  obtained e a r l y  i n  the program. These ma' .ials 
systems are designated 350-1, 650-1, and 350-11. The evoibt ioi i  
of our  adhesives s e l e c t i o n  c r i t e r i a  is discussed i n  Chapter 11. 
The following s e c t i o n s  descr ibe the r e s u l t s  of thermal mock* tLer- 
m a l  conduct ivi ty ,  and dome cycl ing tests using the var ious adhe- 
s i v e s  cornbina t ions  . 
350-1 INSULATION SYSTEM 
Based on the r e s u l t s  of our  material eva lua t ion  i n  Task I, w e  in- 
i t i a l l y  s e l e c t e d  the following materials for the 350°F i n su la t ion  
sys tern. 
Core 5-mil Kapton Film 
Faceshee t 2-mil Teflon Film 
Core N u d e  Adhesive Therrnadite 17 
Facesheet/Core Adhesive Lefkoweld 109/LM-52 
Core /Aluminum Adhesive Lefkoweld 109/Ul-52 
F i l l e r  Material Owens-Corning PF-105-700 T 
(opac i f ied  f i b e r g l a s s )  
Thermal Shock Tests 
'pwo sets of two each 350-1 thermal shock test specimem w e r e  used. 
The f i r s t  r e t  debonded on approximately the t h i r d  cycle. 
second set underwent fou r  cycles ,  a v i s u a l  inspec t ion  ind ica t ed  
t h a t  t h e  feceshee t  on one cel l  had broken. 
t h e  temperature con t ro l  mechanism f a i l e d  and t h e  panels  were sub- 
j e c t e d  t o  spproxlmateiy 900'F. Only one panel severe ly  daborrded. 
The o the r  panel was cycled 1 7  additioncll  cyc les  without f a i l u r e  
before  the  test was stopped. 
After the 
During the  46th cycle ,  
An add i t iona l  smell test panel  w a s  bonded t o  an aluminum panel  with 
Lefkoweld 109/LM-52 and placed i n  the thermal shock device. 
3S0°F the  U p t o n  core w a s  pu l l ed  may from the aluminum plate with 
only a small amount of force.  
ness of the  adhesive a t  X O O F ,  we decided not  t o  proceed with any 
f u r t h e r  thermal shock tests with this materials systems. 
A t  
Due t o  the reduced s t r e n g t h  and s o f t -  
A-l 







APPENDIX B 
FABRICATION PROCESS SPECIFICATION 
The following process p lan  descr ibes  t h e  s t e p s  required t o  f a b r i -  
cate insu la t ion  panels f o r  tanks wlth simple and compound curva- 
tu re .  Type A pane l s  are r ec t i l i nea r -co re  panels f o r  i n s u l a t i n g  
sec t ions  with simple curvature  ( cy l ind r i ca l  o r  b a r r e l  s ec t ions  
of a tank) .  Type B panels are ring-segment panels  with a rad i -  
ating-core-ribbon pattern for i n s u l a t i n g  sec t ions  with compound 
curvature  (dorees o r  a t r a n s i t i o n  between a dome and cy l inder ) .  
The s p e c i a l  tools required f o r  f a b r i c a t i o n  are l i s t e d  i n  Table 
B-1. 
s p e c i f i c  panel  f o r  which t h e  tool is designed. Panel and t o o l  
dimensions would be spec i f i ed  on t h e  d e t a i l e d  panel  drawing. 
Tab k B-I Fabpidatim Tooling 
The "X" in t h e  t o o l  number r e f e r s  t o  the  designat ion of t h e  
T o o l  No. 
TxDl 
Tx02* 
m 3  
TXD4 
Txo5 
TXO6 
TXlO 
Tx12 
TX14 
Tx15 
Tx16 
TY17t 
TYlS 
TOO1 
Description 
D r i l l  Template 
Short  S t r i p  T r i m  Template 
P r i n t  S t e n c i l  
Stacking P r e s s  
OutUne Trim Templa te  
Assembly Tool (Assembly aeke/Vacuum Box) 
Mmplhg Vacuum B o x  
Contour Form 
Vacuum Box L i d  (Carrier Frame) 
Transfer  Sheet (Rubber o r  Polyethylene) 
Expansion Tool 
Hller Plug Die S e t s  
Filler Plug Inse r t ion  Tool 
D i m p l e  Depth Tool 
* 
This  t o o l  is used only f o r  panels t h a t  have both s h o r t  and 
long core ribbons. 
'The "Y" corresponds t o  the  f i l l e r  plug L s l g n a t i o a ,  which may 
not correspond to t h e  designation of t h e  panel(s) in which it 
is used. - 
DATE(REV.) 5-5-72  
S/A IDEXT. STEP SHEETL of 2 
1 r 
0PE.WT ION 
. ulis --is . thhe.mrefor  5ype.A PT X w - & d + - -  
needed for thFj step area paper  sLLtteT,-xater h i n r - U ~ - - L -  
dr.411 b i tA  bandsaw asd spec ia l  no-set ane-tnathri 
scissors, SC=--T blade-, marker Fen. d r i l l _ t P q & t - ~ r ~ . ~ ~ ~  
trh-t&$&e (TX02)- for  B panels, p r in t -  s te~cililTXO~l s g r k i j . r e s s  
(TXO4) .. . ,-- t r i m  templatr. ( q 0 5 ) .  expansion ~ o o l  Im-6)A.own. and huutiditv 
room. Materials needed for this s t e p  are rolls..of S+l-thjck Kapton 
-f ih in the  required -u idrhs ,  cheesec lo th  gaseous nitrogen, mx-156 ad- - 
r 
' -nesive, and core assembly storage b o x e s . .  .- ~ ~. -. . . ~ 
I SllBSTEP 
d. 
e. 
f .  I__ _ _ _ ~  Insert - - - -  t he  ~ p r i n t  stencil (TXID3) in. the  pKint_?gg..frwL_ _. 
C l e a n  the  Xapton strips with t r i  
Place the  strips i n  t h e  water ba 
-~ _ _  _. -- 
~~._..-.____-.__I .-- 
. - __ ~ ..... _ _ _  ~ _ _ _  - - .. . - 
S t a r t  the  nitrogen, p r g e  i n  the  p r jn t  fra+ ax~d .add_e~nou11V-156  &c- 
end of _ _ ~  'he s t e n c i l  t o  f i n i s h  ~ stencil&-the required number of strips for . 
one pznel. .- .- - . - . ~ _ _ _ _ ~  . ~ .  . ~- ~. -~ 
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B-3 
INTERNAL INSULATION SYSTEM PROCESS PLAN 
5-9-72 DATEOEV.) - 
1 S/A DENT. STEP SHEET of 10 
I i 
B-4 
INTERNAL XI?SULATION SYSTZM PROCESS PIAN 
DATE (REV ) 5-9-72 
a. mscara a y - W i i i ’ s & ~ - F m E i i S e  spray gun w l t h  naphtha it no fur- 
~ j ~ x i i j i i j s  € o - b e a o ~ e - w ~ r - . - ~ ~ e - t h e  gun w l t h  a small crmount -- _ _ . -  - of naphtha in t h e  can. 
Allow the c o r Z - t m r T q T r  30 m i  nut- at ambi ent conditione. 
- - ___ -- 
- e. 
ually i m p m e  core to  - e r i f y  that  all areas on the  top surface are ___. 
- Place the core in the  f i e i t  y room and allow the primer t o  cure fo r  a 
of 6 hr. 
I I Store the  core in a storage box in the  humidi ty room or proceed t o  Step 25. 
I 
__~._ . 8. 
INTERNAL INSULATION SYSTEM PROCESS PLAN 
DATE(RF3.) 5-9-72 
1 S/A DENT. STEP 20 S H E E T A  of 
r I -I 
SUBSTEP OPERATION 
This-sLep- I s  for mixing the-RTV-560 adhesive f o r  bonding the  core and 
fac_esheet.-_-EqFipent needed f o r  t h i s  s t ep  are .a  paper mixing ~ . c v a n h -  __ - 
sqatula. Materials needed fo r  - t h i s  ~ t e p  -are RTV-560 adhesive and s t a n d a r r  
ca ta lys t  ..~-~_I_ (dibutyl tin. dilaurate- qr TherpLiJ'A.12) .-_. ~. - ~___ ____ ~- 
___ _ _ _ _  -1 Ei&t of -standard ca t a lys t  t o  t hz  RTV-560. 
5 -6 
INTERVAL I:JSU?..ATION SYS'.Zhl PROCESC PLAN 
DATE(REV.) 5-9-72 
_I___- _____ _____ t hegane l  -I_ from the  assembly tool by loosening the edges of the face- 
and then l i f t i , ~ - l A e - x g e l  with air preesure. 
8-7 
INTERNAL INSLATION SYSTEM PROCESC PLAE; 
DATEIREV.) 5-9-72 
S/A IDENT. STEP 30  SHEET^ of  1 
KemoS;e -a pm-el Fro6 the humidity- room--5d 3Xe-talT 
e. Inspect dimpling w i t X T n e  dimple depth tool  (m t o  ver i fy  
-himp.-- that e a & x e - - e x F e Z i s  ... . ~ -~-. . a- m t n i m u m & p T h T i 7 i 3 - i ~ ~  . -. . If  any 
es  are l e s s  t5an t h e  required depth, repeat substeps c and 
~ ~_._~_.._~._.._..-..___.__-_--I 
I 1 *A hankheld heater  may be used for  panel6 w i t h  unueual curvature. I I I 
B-8 
B-9 
INTERNAL INSULATION STSTZ:?! PROCESS P U N  
5-9-72 DATE (REV. ) 
1 1 SHm- of  40 S/A LDENT. STEP 
, 
stdl it  i n  the-vacuum box ( R U O ) .  .~ _ _  
~ . 
s . . a  No. ~11 X-.--to k e f e ,  -trim the excess  facesheet material 
lose to the-sr i -e - ter  of the cor% removing approximately hal f  of 
h~R~Is idlbondl&@e*. .  ~ - - _ ~ ~ _ _  
B-10 
INTERNAL IISSULATION SYSTZM PROCESS PLAN 
5-9-72 
DATE(REV ) - 
15 1 1 
S/A IDENT. STEP SHEET- of 
OPERATION I 
g. 
fl l lg-&w d i e  set (TY17) in the  punch 
~. 
ress end punch the  required number of f i l l e r  plugs 
--_ f f l le r  plug in each cell  is depressed bc-ween 1132 and-1/16 in. 
below the  outside edge of the core. 
quired . 
Using the spraEun, apply the DC-1200 primer t o  theexposed area 
Adjust aay plugs as re- 
_____._ I 
_____ -I .- - - 
of the  core end t o  the  outside perimeter of t h e  panel. 
__-___ 
- _ _ _ I ~  ~ - I  
1. I hfter the  primer b cured, v e l l y  inspect the assembly t o  
verify that @ach f i l l e r  P ~ U R  is bonded in D l a c e k m e e n  1/32 and 
1/16 in. below the  due of the  core. Adluet any Dlum that are 
d e w s e e d  too much o r  too l i t t l e  and brush on primer t o  cement 
I the  duns  i n  ~ l a ~ e .  
1 
_ _ _ _ ~  ~- 
Place the panel in the  h u d d i t y  room (diniatUm 40% REI) and allow 
the_pr_imer t o  cure for a minimum of 3 h r .  - I 
Place  the  - complet-d assembly in a storage bog or box. The com- Ex---- p l e t e d  uanel i&.nm-wdv for ins ta l la t ion  on the  test tank. 
APPENDIX C 
PANEL INSPECTION RECORD 
AND QUALITY CONTROL CRITERIA 
A. COW. FABRICATION 
1. 
2 .  
3 .  
4 .  
5 .  
6 .  
7. 
8 .  
9 .  
10. 
11. 
V s r i f y  IT, marked on  Core 
Y 4 e  B o d s  in  T o l e r a n c e  
S h o r t  Node Bonds 
S k i p s  i n  Node Bonds 
Bond L i n e  T h i c k n e s s  
Ribbons T e a r s  
Ribbon P a t t e r n  
T r i m  O u t l i n e  i n  lolerance 
Tr im F i n i s h  
End Tr im I n  T o l e r a n c e  
Ribbora Al ignment  
OK FdR STEPS 10 6r I5 
BY Date 
b. PRIMING 
1. Core P r i m i n g  
2 .  F a c e s h e e t  P r iming  
3 .  F a c e s h e e t  I d e n t i f i e d  -- 
OK FOR STEP 25 
BY Date 
C. FACE SHEET ASSEMBLY 
1. Bond/Pr imer  I n t e g r i t y  -- 
-_I_ 
2. Bond L i n e  Width 
3. Bond L i n e  Skips 
4. Voids a t  Core Node 
5 .  C u l l  D i s t o r t i o n  
--- 
I_____ 
-- --- PANEL ID 
- I- 
t .  W r i n k l e s  
7. Ribbon T e e r s  
a) Date 
D. DIMPLING 
1. V e r i f y  u i m p l i n g  P a r a m e t e r s  
2. Dimple Depth  
3. Dimple I n t o  Corners 
4. H o l e s  in F a c e s h e e t  
OK FOR STEPS 35 6 40 
Date BY --- 
2. PERFORATING 6 TRIHXING 
1. Hole S i z e  
2 .  Hole U n i i w m i t y  
a. Hole  Shape  
b .  T e a r i n g  
c .  A l l  Cells P e r f o r a t e d  
-- 3 .  T r i m  
a. Daasge t o  P e r i m e t e r  
Bond 
b .  evertrim 
c .  U n d e r t r i m  
OK FOR STEP 45 
BY Date - 
F. FINAL INSPLCTION 
1. F i l l e r  P l u &  I n s t a l l a t i o n  
2. Beck S i d e  P r iming  
3. Overall Appearance  
PANEL READY FOR INSTALLATION 
BY- D a  Le 
. .  - 
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A. CCRE FASRICATICN 
1. 
2. 
3. 
4. 
5. 
6 .  
7. 
8. 
9 .  
10. 
11. 
The Panel  I D  number 011 t h e  c o r e  must b e  c l e a r l y  l e g i b l e .  and be  marked 011 t h e  s i d e  cif c o r e  at one corner. 
The width of node bond line0 mst b e  in acccrdance w i t \  t h e  f a b r i c a t i o a  drawing, t o  w i t h i n  :1/16 in. 
Node bonds must b.t c o v l e t e  to  w i t h i n  0.005 in. of t h e  r ibbon edge on both sides. 
Node bonds must h e  f r e e  of -ids that traverse aore than 1/4 t h e  wid:h of t h e  bond line. 
The th ickness  of t h e  bond l ine nust b e  measured at a rinimcn of f o u r  p l a c e s  on both s i d e s  of  core  a s s d l y .  
Record t h e  minimum a d  maximm bond th ickness  (obtained by s u b t r a c t i n g  the th ickness  of  two r ibbons) .  
Bibboo tears - Core ribbon6 must b e  f r e e  of tears on both  sides. 
The ribbon p a t t e r n  (order  of assembly) must b e  i n  accordance wi th  t h e  f a b r i c a t i o n  drawing. 
The trim o u t l i n e  ( f o r  contoured panels) must b e  i n  accordance w i t h  t h e  master drawing w i t h i n  -~1/32 in. at 
all places .  
Tr- core  s u r f a c e s  m u s t  b e  -th and f r e e  of  d i s c o n t i n u i t i e s  in excess  of 0.005 in. 
End node bonds must b e  t r m  in accordance w i t h  t h e  panel drawing t o  w i t h i n  W 3 2  in. 
gdnes of ad iacent  core  r ibbons  m u s t  no t  mismatch in a l i c m e n t  bv -re than 0.005 in. on both s i d e s .  
1. Core Priming 
a. Verify t h a t  the proper  cure c y c l e  has  been coppleted.  
b. Verify by visual inspection t h a t  primer has  been a p p l i e d  t o  ail of t h e  core s u r f a c e  to within 1/4  in. 
of t h e  edge of  the facesheet .  
2. Facesheet PrirPfng 
a. 
b. 
I D  - If not present  a l recdy ,  apply a panel i d e n t i f i c a t i o n  nuder t o  t h e  comer of  t h e  faceshee t  us ing  a 
black  f d t - t i p  matkar. 
Verify by v i s u a l  i n s p e c t i o n  that p r h r  has been appl ied  to  both  s i d e s  of t h e  Teflon faceshee t .  
Verify that t h e  proper  c u r e  cycle has  been completed. 
3. 
1. 
2 .  
3. 
4. 
5. 
6. 
7. 
Verify t h e  inregritp o f  t h e  primer and adhesive bond by f a i l i n g  a short p o r t i o n  of  t h e  bond (approxi  
lastely 1/4 in.) at each o f  t h e  u n t r h d  c o m e r  tabs .  
Inspect t h e  width of t h e  bond l i u a  8t t h e  facrshee t .  
check t h e  s f f s c t o d  cells to ensure t h a t  t h e  b o d  is cooplete .  
f u r t h e r  t o  de tennlne  whether a s a t i s f a c t o r y  d f r p l e  w i l l  be  obtained. 
Discont inui t ies  or skips i n  bond l i n e a  on e i t h e r  a i d e  of t h e  core  ribbon a r e  unacceptable .  
Inspect  t h e  core node bonds f o r  voids  in t h e  bond lines. 
P e r h t e r  cel l .  s h a l l  not b e  d i s t o r t e d  beyond lfmlts as ind ica ted  by gages. 
b e  d b t o r t e d  so as t o  cause s t r a i g h t  c e l l  walls. 
Ur tnkl iag  of t h e  facesheet  shall not  cause leakage between c e l l s .  
The core ribboae shall not be  torn .  
I f  t h e  bond rridth Is less than u.320 in., leak- 
I f  t h e  wldth exceeds 0.200 in.. i m p a c t  
I n t e r n a l  cells shall not  
c-2 
1. Veri fy  t h a t  t h e  dimpling t e q e r a t u r e  and pressure  parameters recorded on t h e  7roces.s record s h e e t  are 
i n  accordance uich  c u r r e n t  procedure and properly signed off  by t h e  operator .  
~,-asure t h e  depth of  t h e  d i q l e  f o r  at least 20 c e l l s .  inc luding  c e l l s  ad jacent  t o  a l l  edges. 
t h e  c e l l s  so measured must have a r i n i r u  d i r p l e  depth of 5/32 in. 
h n  than 1;s in. 
and 1 in. in *el thickness.) 
Verify by v!aual inspec t ion  that the dimple extends well i n t o  the  corners  of each c e l l .  
Inspect  t h e  e n t i r e  faceshee t  to v e r i f y  that  t h e r e  are no holes. 
2. 902 of  
X> cell shall have a d h p l e  depth 
(+ - T h e e  criteria are f o r  cells a p p r o x t r a t e l y  2 in. high by 1.75 in. vias 
3. 
6 .  
1. Measure t h e  size of at least 20 h o l e s  i n  t h e  faceshee t .  E3ch h o l e  =ust b e  between 0.025 and 0.045 in .  
i n  dfaae ter .  
Visua l ly  inspect t h e  e n t i r e  faceshee t  t o  verify-- 
a. that t h e  h o l e s  are &. to  t h e  exten& that t h e  DEI- and minimum dimensions are within t h e  
b. t h a t  t h e  h o l e s  and faceshee t  are free of tears. 
C. 
2. 
tolerances s p e c i f i d  in (1) above. 
t h a t  a l l  cells have beea perfora ted .  
3. Inspec t  t h e  e n t i r e  perimeter to  v e r i f y  that-- 
a. t h e  facesheet- to-core b o d  is I n t a c t .  
b. 
c. 
adhesive is not  c a a p l e t e l y  r e ,  at ~y point .  fnnm the o u t s i d e  of t h e  core  ribbons. 
t h e  u u t h u m  amount of faceshee t  and adhesive reaaining beyond t h e  core r ibbon does not exceed 
1/32 In. 
F. F I W  INSPECTION 
1. Inspec t  t h e  pane l  on both sides to v e r i f y  t h a t  all $iller plugs are i n s t a l l e d  proper ly ,  and that--  
a. 
b. 
no gaps or cocked p l q s  are v i s i b l e .  
all f i l l e r  pluga are depressed becweea 1/32 and 1/8 in .  belov t h e  back of t h e  core, and t h a t  no 
f i l l e r  material ex tends  acrws any cell wall. 
2. 
3. 
Verify that t h e  primer has been appl ied  uuIforPlly t o  the back s i d e  of t h e  panel. 
Perform an overall Inspeeion t o  d e t e c t  any d e f e c t s  that amy be  v i s i b l e  and to  v e r i f y  that t h e  panel  has 
an acceprable  appearance. 
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